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FOREWORD

A low weigntempty 10 operational gross-weight ratia (W,) is an important factor con-
tributing t0 8 successtul design of any air trensport vehicle. But this ratio is especislly significant
for aircraft aperating in the VTO mode. In ™=z case, ane Can nut uxrease the aircraft takeoft
weight by extending the ground run, ss the case may be in CTO, or even STO, machines. Conse-
quently, W, values (Dased on the maximum permissibie gross weight for verticsl takeoff operation)
is the most important tector dictating the level of useful icad and as weil st the paylosd that
can be carried. NO wonder that 8 continuous search for the lowest possible I, valuss is 8 char-
acteristic trademark throughout the history of rotary-wing aircraft.

In order to understand the course of this endsavor, one Mmust realize that victory or defeat
for a low relative weight empty depends on the culcome of the quest for the lowest possible
relative weights of sll major rotorcratt components. Going one step further in anaiyzing the
ssarch for a low ity, ONe should anticipsts that strength and rigidity vs. weight characteristics
of structural meterisis represents one of the most important faciors dictating the level of relative
weights of major rotorcraft components .

The intent of this study is 10 acquaint the reader with some historic perspective of the
continuous fight for low relstive weight-empty of the rotorcratt as a whoie, as well as for their
major components. It is also intended 10 show how the size of aircraft — as expressed through
its maximum permissible flying gross weight — could affect the relative weight levels of the com-
ponents and the rotorcratt as & whole.

In an attempt t0 convey an indepth perspe..ive of historic and size-reisted trends, current
(wherever possibie) as weil as hypathetical Soviet helicopters are included in this study.

To sssist the reader in undentanding the influence of structursl materisl characteristics on
the relative weight levels of major rotorcraft components, the weight eftectiveness of materials,
both for static and fatigue-type loadings sre reviewed. Then, curtory expressions sre developed,
permitting one to roughly estimate how the strength effectiveness values of structural materisis
could, in turn, atfect the relative weights of the components. in some caess, it is 8ls0 indicated that
because of wecisi constraints, possible weight reductions cen not be reslized in actust designs.
Consequences of requirements for high maments of inertis in the case of lifting-rotor biades (entry
into autorotation and coning angies) are reviewed as sn example of such comtraints.

1n conclusion, structural materials that appesr 10 exert the highest impact on reduction of
rotreraft companent weights are briefly reviewed. In this respect, weightetfectiveness indices of
materisie in verious loading modes are given. Operational and economic constraints which may
limit the practicel use of some materials in spite of their promising strength/weight characteristics
are briefly discussed,

The concluding remerks at the end of this report aiso contain recommendations for studies
slong the lines indicated here.

This study was initiated by R. Shinn, formerly of AVRADCOM, St. Louis (presentiy, at
McDonnell) who, st that time, visualized the project as 8 joint venture between AVRADCOM snd
internationsl Technicsl Associstes, Ltd., with Me. Shinn being assgned as technical monitor of the
project. However, following his departure from St. Louis, all technicel work beceme the sole
respomsibility of ITA. Technical cognizence was eventually trensferred 10 the U.S. Army Aviation
Ressarch snd Technology Activity st Ames Research Center, with C.C. ingalls serving as techrical
monitor.
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Within ITA, the undersigned served as principal investigator and was assisted in the trend
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i : . COMPULEr iNputs, 88 well as 107 the editing and COMPOKILION OF the text.

' v In the course of the project, much valuabie technica: material was obtained from AR&TA
and the following companies. Asrospatisle, Boeing Vertol, and MisB, whils the following repre-
sentatives of government agenciss snd companies representing tha sircraft industry were kind
enough to contribute their personel suggestions and/or review of parts of the text: Or. R. Carlvon
ond Mr. C. Ingsils (ARLTA), Messrs. d’Ambras (Aerospatisie), C. Albrecht and R. Mcintyre (Bosing
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CHAPTER 1

TRENDS IN RELATIVE WEIGHT—EMPTY OF ROTORCRAFT AND MAJOR
STRUCTURAL COMPONENTS

11 Introduction

- Koeping the weight-empty t0 groms-weight ratio (referred to as relative weight-empty
W,), 8s low as possibie is one of the most important factors in creating an operati naily effi-
cient vehicie as for a3 load-carrying activities or time on station is concerned. Two other very
significant inputs toward the gosl of transportation efficiency ere (1) the broadly interpreted
block speed (including such aspects s turn-sround-time and time required for service), and (2)
fusl consumption per unit of gross weight and unit of distance traveled.

In the case of time-on-station, fuel consumption per unit of gross weight and unit of
time in operation will be substituted for Items (1) and (2).

It is obvious, hence, that knowiedge of statistical trends in W, leveis, ss well a5 an under-
standing of all the factors influencing these trends, would be of prime interest to both system
planners and designers of rotary-wing aircraft in the West, and to students of Soviet rotorcraft
technology ss well.

With respect to statistical trends, the two m.ost interesting would be {a) the temporsl
trend, representing the varistion of W, vs. the year that the rotovcraft was pleced in service,
ond (b) the influence of aircraft size (expressed through its maximum flying gross weight
W ox) ON the relative weight-emoty level.

In determining the factors influencing W. valuos, one may anticipate that strength-
weight charscteristics of structursl materisis would play an important role. It shouid be re-
membered, however, that the other two previously mentioned factors; namely, block speed
ond fusl consumption would also infiuence the ¥, magnitude,

For instance, speed requirements may be instrumental in the power-instalied value
ond hence, the engine-weight level, while fuel consumption would influence the weight of the
fuel system. However, in spite of the fact that powserplant aspects represent a significant factor
contributing to the i¥,, level, this report is exclusively devoted to the study of the influence of
non-powerplant rotorcraft structures, since incorporation of the powerplant would approx-
imately double the required effort.

It is obvious that the W, level will, in turn, be influenced by the relstive weights of its
major components. Consequently, in order t0 obtain 8 better insight into the formulation of
the most important relative weightempty rends; namely, W, = fltime) and i, = W, ),
similer statistical trends will be established for Western and Soviet rotorcraft for the following
mejor components as defined in Ref. 1.

Main rotor blades

Main rotor hud and hinges
Fuselage (with cowlings)
Landing gesr

Drive system

Fuel system
Flightcontrol group
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In this way, groundwork will be laid for evaluation as to the extent that potential
improvements in component relative weights resulting from the application of advanced
structural materials may contribute to a reduction of the relative weight-empty of a rotorcraft
43 8 whole.

Trends in the tail-rotor group and propulsion subsystems, which are usually also classi-
fied a8 major rotorcraft composents’, are not examined here, s their contribution to u?.
values may be considered as second-order sffects. A detailed study of the fixed-equipment
roup, sithough quite important from the W, point of view, is aiso not performed here, as
the requirements for this group sre, to a large degree, determined by the customer,

A formal definition of relative weight-empty may be based either on design (W, ) or
maximum permissibie flight (W, ) gross weights,

-

-
g

In the first case,
i Woses ™ WolWgqs (.
K and in the second,
/‘ Wy @ Wo/Woor (1.9
where W, is the weight empty.

Selection of the maximum flying gross weight as a reference basis (Eq. (1a)} should
be considered ¢s more mesningful for the establishment of comparative weight trends. This
is due to the fact that design gross weight is often established somewhat arbitrarily, while the
meximum permissidble flying gross weight is usualty more definitive in determining the actusl
rotorcraft operational losd-carrying capability’ .

Consequently, in this study, trends in the relative rotorcraft weight-empty and rels.
tive weights of their major components will be carried out, using W, a3 the basis for com-
perison.

¥ A0
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1.2 Trends in Welght-Emgty to Gross-Weight Ratios

1.2.1 Genersl

The Sikorsky R-4, introduced into service in 1043/44, was the first production heli-

copter in the world. This rotorcraft, at 8 maximum flying gross weight of 2,540 (b, had a weight
- emgty of 2,011 Ib; thus, its weight-empty to gross-weight ratio smounted to W, = 0.79.

With respect to Soviet helicopters, the Mil Mi-1, which entersc into service in 1951 —
seven years after the R4 — was their first production model. Its weightempty to maximum
grom-weight ratio was aiso equal t0 0.79.

Through the yesrs, values of the weightempty tc maximum gross-weight ratios de-
scended from W, = 0.79 (high for any aircratt), sttaining a level in the West of W, = 0.41
{McDonnell-Douglas S00E), and 0.5 in the USSR (Mil Mi-26).

Tabie 1.1 was prepared in order to show in mare detail the variation of the weight-
smpty 10 maximum flying gross-weight ratio occurring throughout the years, as weil as the
influence of rotorcraft size (expressed through maximum flying gross weight) on relative
weight empty. Here, all the necessary information regarding maximum flying gross weight, weight
empty, and yesr of introduction into service was sssembled for a number of Western and Soviet
rotorcraft covering the time span from 1950 to the presant; even showing some projections
up to 1998. The msin source of data for helicopters was Janes Yearbooks from 1950/51
through 1985/862. Information regarding Western hypothetical tilt rotors was obtained from
Ret. 3, while inputs related 10 Soviet helicopters were gathered from Ref. 4, supplemented
by data from Ref. 2.

1.2.2 Temporsl Variations of ¥, Ratios

Temporsl varistions of the weightempty to the maximum flying weight weight ratios
listed in Table 1.1 are graphically presented in Fig. 1.1. This figure illustrates how the high
ratios of i, = 0.79 for the R-4 and Mi-1 have evolved through the years 1o the optimal level of
0.4 for Western and 0.5 for Soviet helicoptars.

Looking at Fig. 1.1, one would note the folloning:

1. The 1950-1960 time spen represents a period of rapid improvements in the W,
ratios of both Western and Soviet helicopters of all contigurations. This, of
course, was chiefly due to the replacement of reciprocating sngines by much
fighter gas turbines. From early 1960 to the present, gains in weightempty
sppesr much siower. The state-of-the-art progress can be judged by the so-
called optimal boundaries of Soviet end Western rotercraft.

2. Looking at the optimal boundaries, it appears that at far as the potential state- ;
of-the-art is concerned, Western technology is still able to produce helicopters
with a lowsr weight-empty 0 gross-weight ratio than their Soviet counterparts.
However, when one looks st the sctusl points of Western and Soviet helicopters
for the 1980s, it appears that *he avmage W, for the \West would not be as
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Jecisivaly ‘ower, a3 Indicated Ly the optimal boundaries. Fusthennore, 'ockirg
at i, veiues for Soviet hypothetical heliccpters, especially of tre singlerator
canfguration, it sppears that the Soviets hope 1o cluse the weaisht gap ex sy
with the WWest, snd are prodably working in that direction.

> With respect {0 the single<Qtar and tandem Western helicopter configurations,
it appears thet, i0 generadl, the same prugress with time regarding weightempty
appiies. In the USSR, the greatest progress in lowering the weight-empty ratio
was Mace tor singlerotor contigurations. This progress is aiso projected tor the
future, as inaicated by the vaiues tor the hypothetical machine,

As 10 the tit-rotor contiguration, it is clear that the 57. level for the XV-15
sircratt pressntly in use is much higher, sven for STOL operations, than the
average for present-day helicopters. Current weight estimates for the V-22 tilt-
rctor show that its weightempty to gross-weight ratio for VTQ conditions
should be on the level of the XV-16 with STO, and for its STO gross weight, the
V-22 weightempty ratio should approach that of some current helicopters. it
can 8iso be seen from Fig. 1.1 that the projected values of the W, ratio of the
hypothetical tilt-rotor (Ret. 3} are expected 10 be even better than for the V-22.

4, Moderate improvements in the weightempty to gross-weight ratio from the
19608 to the present are partisily due to further improvements in weight aspects
of engines, but also probably retiect progress in structural weights of all other
major hei,copter components. In order o obtain a better pictur: of this aspect,
the contnibution of component weights and changes with time will be separately
eXsTUNeY.

1.2.3 Etfect of Rotorcratt Size on Relative Weiaht-Empty Levels.

In order to exsming whether of nat there is any definite trend regarding the intflvence
of rotorcraft size — a8 expressed through its maximum tiving gross weight — on the weight-
empty 1o Maximum fiying gross-weight ratas, i, values in Table 1.1 were plotted ve. i, ,
on the semi-log scale (Figure 1.2}, Looking at tius figure, the tollowing can be noted:

t. Since the so<calied optimal boundary may be interpreted as an indication of the
state-of-the-art potential, it can be clearly seen that as tar as Viestern heiscopt
are concetned, equally low W, ratios can, in principie, be achieved 1or small, a8
well as targe helicopters. However, looking st the averall distribution ot points
reprosenting the Western heliCopters in Figure 1.2, it cen be determined that, on
the sversge, there is 1OMS IMProvement in the  ~  ive weight-empty with 520 &8
for a8 pure helicopters are concerned. Data tor aoviet helicopters —~ a8 expressed
through optimgl boundaries and the oversil dittribution of points — seems to
WPPOrt the trenc of refative weight improvernent with size.
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in orcer tg get a bDetter iCes regarcing the refationship between the reistive
waeight-empty of & rotorcraft and its size, the etfects of the rotoreratt maximum
tiying 9088 waight On the relative weights o il Major structural components
shouid be examined. This wiil be done in a way similar to the weight-empty case
by piotting the rslative we:ght ot sach ot the mg;or components v. MaxiMum
flying gross weight.
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1.3  Trends in Retative Weights of Main-Rotor Biades
1.3.1  General

As 1n the preceding cae Of reiative weight empty, the relative weignt of the mainrotor
blades (W,,) is defined with respect to the maximum operstional gross weight of the rotorcraft:

l7DI = Worl Wenax ) (1.2)

where it is the actual weight of the biades. Although !e weight of main--rotor bisdes is not
the largest contributor to the empty weight of the aircrafy, its influence on the it, level goes
beyond its direct fractional participation in that quantity. This is due to the magnitude of the
sentrifugel force generated by the blades which, in itselt, is proportionsi to the blade weight
and thus, strongly infiuences the weight of the hubs and hinges. Furthermore, the blades and
hubs, together, torm the lifting system; representing the most important assembiy of a rotor-
craft. For this reason, trends in the relative weight of the main-rotor biades are very important
to the rotorcraft designer. Trends in main-rotor blade weights for 3 relatively large number of
Waestern and Soviet helicopters, covering the time span fram the early 1050s to the present, and
sven beyond, are assembled and presented in Table 1.2, Inputs for Western ratorcraft presented
in this tabls were chiefly obtained from weight statenens of various helicopter manufacturers,
while this informgtion for Soviet machines was obtained from Ref. 4. Both tempors! and
size-related trends in i¥,,, are shown in this table.

It e

13.2 Temporal Varistions of #,, Ratios

Temporal veriations in relative meainsrotor blade weghtisare given in Figure 1.3. The
following observations can be made from an examination of tis‘fgure.

1. With respect to Western helicopters, it appears ‘tiat as far as the potential of
ochieving low W), values, as exprassed by the emimal boundary, the \Vestern
industry, even in the early 1950s, could produe relative blade weights not
much higher than those of contemporary helicpters. Looking at the overall
distribution of points representing Western deigns, one finds that, on the
aversge, only a slight decline in W,, values win time can be noticed. This
temporsl trend exists in spite of the sppesrans of new advanced materials
with better and better strength-to-specific-weirt ratios. One may expect,
hence, that thets new materisls would contributeto the decrease in W), levels.
However, such constraints as rotor axial momen of inertia and blade coning
sngle reqairements do nOt permit one to takeibll advantage of the material
potential in practical designs. This subject is mwe thoroughly investigated in
the Appendix to Chapter 2. It is also interestingd note that the relative scatter
of Western points is not very large, With respectto the tiit-rotor configuration,
W, values of the XV-15 based on STO operatior are even siightly better than
the optimsi boundanes tor pure helicopters. TReXV-15 points for VTO opera-
tions are slightly above the optimal boundary.
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TABLE 1.2

RELATIVE BLACE WEIGHT ESTIMATES
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RELATIVE BLADE-WEIGHT ESTIMATES (CONT'D)

I8 SEET - DESLAN HELICOPTERS

[ ] AOOEL VEMR MM FLYING BT DLADE T MEL, oY COMENTS
b 1.1 ] al-1 L1} et 130.4 0.0707  Rised Construction
* (-] -2 1%S [134] 3.0 0.0M3  Estruded Buraivein Spur
' ussh n-4 1953 17300 1144 0.0006  Presvachly Estruded Mraiumie Sowr
’ USSR LI 1950 3700 me 0.0830  Mouns Steel-lude Sear
753 ] LIR7Y 193¢ L2 %50 0.0733
s L% ) 1" e 9933.3 0.0633
("1 ] LE ] 1%3 5430 1.4 0.0339  [atrused Buraluain Spor
' [ ] m-8 1%S 49 1289 Slass Fibre
: (-] M-10 1% [342,] m.e 0.0920  Nound Steel-Tube Spur
y s n-1e 1172} 308438
N ] M-1? 1.2 . V]
. st -2 1] 2%
[ ] "n-2 L 123400
[ W23 1961 19100
[ ] KA-26 1 T 3.0 0.6400  Glass-Testelite
. usse A-29 1967 16100
x 4] v-12 1% 231300
: Tishchontor §95-32 1M . 1220 ®w.0 0.0375
. Tishchonte SA-13 1993 e 1350.9 0.03%
I Tishchente 5 T w100
1 Tishehante -32 " 13138 7184.0 9.0543
1 Tushchente w13 13 00 1e93.4 0.0440
Tishchense 18-92 1} ] 130000 Tieb.0 0.9831
¥
fy
3
4
3
s
L ]
H
Al
L)
3!
A]
.12.

MG IATE T
L) # 13 4 k)

L0 B0 e e R B B W08 00 l. o. SR ONG R I

Pl % 3 P S S P 2 2 M



$3P9|q J010.-uiBw JO JyBiam BaneIa) Ul puss jesodwe) ') aunbyy

UU—>¢UH OLANI ¥VIA

!

- — ——— ————— - -

i
o B
]

i

ce
'L

.

.-
|t

[

VIVI 30 LHDIIM 3ALV 3N

i % ‘S3Q
VYV R TEYYY YYX] TYY SYSPI RTINS

esomvre |}

-
; '1..2.:.!11.. N

S
- = — =
1 =

213

-]

€ o
SOLY

T

"'

]

--Q~'

sﬂ

[ r.lc »

-

..,t N

- -
OO0

\.

o

A

tl .’

s

R AL -t
* ..'.i.k.«.i..‘!‘ [ .:..t‘.‘.

.-.‘ A

‘ ‘}‘ ;" 1,

¥

B0

LU TR Y

(]



(AL IR R LY R T EY Y AV R EFEVIVEY PP RV RV Ry RV IV vy

()

Unfortunately, the Soviet trends are not supported by statistical data s ex-
tensive and reliable as that in the \West, but still, one may make a fair judge-
mental sttempt as to the foliowing observations: From the earlv davs ot the Mil
Mi-1 and Mi-4, considerabie progress relating 1o the relative Liade we.ght was
made. This was visible from the case of the Mi-8 (1968) points showing 8 revuc-
tion in W,, from 8.3 percent for their original blades having stesl tubuiar spars,
to 6.35 percent for later designs (probably fiber glass). The same trena was
observed for the Mi-8, where the relitive Liade weight was reduced from 5.59
percent for extruded Duralumin spars, 10 4.84 percent tor the glass tiber design.
For the Mil Mi-2 design which was basically put into service in 1966, i), = 4.46
percent is not much different than the optimsl Western values. As far as pro-
jections for the future are concerned, points for the hypothetical helicopters
seemn to indic te that the Soviets hope to attain the W, levels represented by the
optimal Western boundasries.

133 Etfect of Rotorcratt Size on Wy,

The effect of rotorcraft size on the relative weight of mainrotor blades is examined
by plotting W,, vs. meximum flying gross weight (Figure 1.4). Looking st this figure, the
following observations can be made.

1. The shape of the optimsl boundary for Western helicopters, as well s the
distribution of points seems 10 indicate that the W,, = f(Iv,, .. } function attaing
its optimum value for medium size helicopters of the 10,000 to 20,000-pound
meximum gross-weight class. Thers seems to be a marked trend for an incresse
in fv'., values ss the rotororaft groes weight decreases from the 10,000-pound
lovel. By contrast, only a slight trend toward sn incresse in the relative biade-
weight level can be noted ss the helicopter grem weight increases beyond the
26,000-pound ilevel. Within the 10,000-pound = simost 1560,000-pound maexi-
mum gros-weight range, the aversge I, ievel fer Western helicopters does
not ssem 0 be much different than sbout 4 pevammt. it should aiso be noted
hat with few exceptions, the scetter of Western goints from the 4 percent
fevel is not very high.

2. With respect to Soviet helicoptars, it is somewnat difficult to establish the
optimel boundary st higher maximum flying gromweight values other than
that corresponding to the Mi-8 (spproximatsly st % 26.000-pound point on
the graph depicted in Figure 1.4}, since this invesigator has been unable to
secure asctusl blade weights of such new designs a8 !he Mil Mi-28 and Mi-17.
It was shown in Refs. 1 and 5 that the Mi-26 is quim similar in many respects
to the Tishchenko hypotheticsl helcopter; thus, it may be assumed that its
Llade weights would also be not much ditterent from those of the Tishchenko
SR-62 helicopter. Based on this sssumption, optimal boundaries for Soviet
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helicopters was extended beyond the Mi-8 point. Looking at the so-established
OLUMA! Dounualy, 88 well 85 the actuadl POINLs, It appedrs that the same con-
clusions as those derived for Western helicopters appear feasible. The values
of iy, 'eNU 10 ettain thew GPUMUM level fur the 1U.ULY to 2U.UW-pound
maximum gross-weight class and, outside of this boundary, they tend 1o sharply
increass with & decrease in I,,,. valuss, and incresss only moderateiy as the
u'-,,, ox |evel Decomes higher than 20,000 pounds. As far as the generai trend is
concerned, it appeasrs that relative blade weights of Soviet heli ‘opters tend to be
slightly higher than those of their Western counterparts. As to future trends — a3
expressed through data for the hypothetical helicopters® — o e wouid find that
f. the single-rotor helicopter in the upper medium gross-weight class (sbout
40,000 pounds), they expect to achieve -u—',, levels as good as the optimal ones
for WVestern machines. However, for large helicapters of the Mi-28 class, they
seem to accept higher relative blade-weight values than those of the West for
bath single-rotor and tandem helicopters. By contrast, for the side-by-side con-
figuration, they expect to do better than has been accomplished in the West. It
shouid be noted that the trends represented by the Soviet hypothetical tandem
and side-by-side helicopters are probably not very significant, as there is no indi-
cation that they are developing any large helicopters of these cor.figurations.

.-
LR

AN

|}

£

A
*

.16

» () ‘ ( 2 () ) (] () .} - - - A, ] » " » - - - - - » - *n® .‘ -
L ‘."‘ v ‘»'l‘.‘ ' .A‘.‘J AN N R ML WM LM o Iy “.‘o‘. ML AN I N, th‘\'.‘t‘- WY A * Lo LAY bt W




- P B . e A e B W W - m w rmr e e

1.4  Trends in Relative Weights of Main-Rotor Hubs and Hinges
14.1 General

Relative weight of the main-rotor hubs and hinges (;,,) is related, as always in this
study, to the maximum fiying gross weight of the rotorcrafe, and is defined as follows:

Wy = WplWeun (1.3 -
where W, is the weight per sircratt of the main rotor hubs and hinges. Similar to the preceding -~
case of mgin-rotor blades, t_h_c necessary inputs required 10 establish trends for both temporal .':
and size variations of the W, levels wers obtained from the weight statements of the manu-
facturers of Western rotorcraft, and trom Refersnce 4 for Soviet helicopters. These inputs are {
presented in tabular form in Table 1.3, ] f_

— e,

1.4.2 Temporal Variation of W, Ratios o
Temporal variations in relative weights of main-rotor hubs snd hinges are shown in :
Figure 1.5. Looking at this graph, the following trends can be detected. 5
1. It sppears that for Western helicopters, the so-called optimal boundary sustsined v

an almost constant level of slightly below a 4-percent value from the fifties to "N

the sarly seventies. Then, in the sighties, it descended to a level of slightly below o\

3 percent. The decreasing trend in W, values, similar to that of the optimal X
boundary, can 8iso be notsd by examining the oversil distribution of Western g
helicopter points in Figure 1.6 and drawing an imaginary line representing the

mesn-value line through these points. [t is interesting to note that tor the tilt-

rotor represented by the XV-16, W, values based on both STO and VTO maxi-

mum gross weights are quite close to the optimal boundary for \Vestern heli-

copters. One should aiso note a considerable drap in the W, level in thase cases v
where steel hubs were replaced by those made of titanium. In turn, replacing e,
titanium hubs with hubs made of composite fibre materials led to a further 7
reduction in W, . This clearly illustrates the influence of materials having better
strength-to-specific-weight ratios.

2. Itis difficult to detect, with a degree of certainty, the temporal trends in the W, ..
values of Soviet helicopters because of the relatively limited amount of data
available to this investigator. However, even on the basis of the limited informa-
tion presented in Figure 1.5, the following tentative observations can be made.
Although, through the years, the W, levels of Soviet helicopters generally were
sbove those for Western machines, there is an exception in the Mi-2 case, where ‘
its i), level is on the optimal baundary for Western helicopters. As far as future
trends and efforts sre concerned, thers appesrs no projection (and probably,
little effort) to sttain the optimel Western i, level for all configurations and
sizes of helicopters. This latter aspect will be more clegrly visible in Figure 1.6 =
and thus, it will be more thoroughly discussed in the tollowing section of this "~
report. :
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! TABLE 1.3 . -
L]
y RELATIVE HUB AND HINGE WEIGHT ESTIMATES
€ -
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1473 1ntaence of Rotorreptr S g9 t'.o—".! An . Leve's

Look.~g a1 Figure 16 where relstive Pub wersas o .,
USRS S4eM L sinet ye.

o 81¥ shown the toilowing

4 Yhen reg lonas st the ot mal DOLAIEy W \Lactern helicarteeg 1t annegrs
.ol the {Owest ), ievei Of sl 4.7 v 0 bt ved Tui the 20 000 puund Maas-
- TLm rossweight Class machines. For Doth ighter and Niavier hetopters the
COUMEE i, vaiues tend (U Irareass, (eaKTing A, W 3 0% tor the 5CG0 pound
FOss-weight, 8nd 400Ut 68 for the 140 LU0 POUNS Grots weght mech nes. MHow-
®er. the Cversll datridutian ct the », PO seem 10 Riggest that On the
EIge. the J21aLve weignis Ot the hyd 8ng N ges slay ol vt the & u ievei,
olthough the scatter Ot W, va:ues 15 QUi CONtlerable. 1T 13 8130 clear that, as
INGICHtEd 1N e PrecediNng SECLION, & INMLION 10 STIUCTUT i MALerais with better
strength/specific weignt ratios (e g, from steel 1o Gisruum, or trom Litanium to
COMEOsites) resuits N considerabIs waidht savings. |1 13 8i50 1nleresting 10 note

s = . that for the tit-rotar contiguration (XV-16), the i, value tor the VTO s right
on the helicopter optimsl boundary, and tor & J operations, even beiow that
hing,

Q. There are not enough points for Soviet helicopters in Figure 1.6 10 positively
detine sn optimsl boundary tor it, values. However 1t 2pnesrs that, 1n general,
the relative hub snd hinge weights of Soviet production helicooters &re higher
than those of thair Western courterparts. The A2 represenis san exception, as
s 57,. point is right on the cptimai doundery for Western heicopters. By
contrast, points for the Mi-6 and Mi-10 »e way above the \Yestern trend with
E., % 7.8% for the Mi-6 and about B Ex tor the Mi-10 helicopter. As to the
NSICATIONS regarding future trends, it shouid L& nOted that 10r the single-rotor
contiguratian of the 38.000-p0und gromearitt class, low b, valuss of about
4% are visushized (right on the vpumsl bunuigy of Western helicopters), while
for the large single-rotor machines of thw A2 yross weight class (W, >
130,000 (b)), Soviet goals sre more conssrvatree (s, @ Gnvi. Projectians for the
side-by-side helscopters of the Mi-26 gross-vwesht ciass sppesr Yuite optimistic
with S'T‘h ~ 3.7% - below the \Yestern cpumaliundary.
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K - 1§ Trendgin Relative Waights of Fuselages
'y . 15.1 General

The fusetsge weight group ot a rotorcraft is considered here — as in Ref. 1 —to cunsist
P ’ of the following eisments: (a) fuselage, (b) horiznntal snd vertical emperngaes. ic) engine
naceiles, and (3} aw induction system. The relative weight of the fuselage (1) s detined es.

Y
X . - P .
‘e:' i, = Wl i1.d)
o
bl . .
?o where i, is the weight of the fuselage group, representing the sum of the weignts of ail the
v,,’.' : we Lo panents listed sbove as items (a) hrough (d). inguts, necessary to establish both
© temp.r al and size-related trengds for relstive fuseiage weights, are presented in Table 1.4,
a, 1.5.2 Temporal Varistions of ;V., Ratios,
)
P - . . .
:n‘ Temporal varistions in relative weights of rotorcraft fuselages are presented in Figure
I:: 1.2, from which the following trends can be deduced.
\‘. N
\ g

Yo 1. With respect to \Western rotorcraft, one should note that in spite of a consider.
N . ) able scatter of points, 8 general trend emerges which indicates 8 decresse in
\/ —
: ’ W, with time. This trend becomes even more noticeable when the so<alled
; & ’ : optimal boundary is examined for i¥, values. Aiso, tooking at this boundary,
*:1 : . one should aote that relative fuselage weights for the crane configurations
W e for both the Sikorsky CH-54 and the Boeing Vertol heavy-lift helicopter are
*:! , : beiow the live representing optimal i), values cf other Western configurations,
B g Points ccrresponding 1o the tilt-rotor configuration as represented by the XV-15
yy S show that the i, valus for VTO operations seems to be detinitely above those
:: representing other contemporary rotorcraft, while for the STO case, the bT,
,: . is within the higher helicoptet values.
Ly '
L) . -—
N 2 It is mare ditficult to establish temporal trends in W, values for Soviet heli-
W ' . copters, since this investigator has no reliable data regarding fuseiage weights
o for Russian rotorcraft of the seventies snd eighties. However, as in the pre-
'I. ceding cases, sssuming that the hypotnetical single-rotor heicopters closely
[t resembie actusily achievablu weight levels, a tentative optimal boundary has
: . : been extended in Figure 1.7 between the 1068 and 1983 abiscusas. Looking at
N this 1ina and the genersi distnbution of Sowet i, points, one may conclude
," that, 88 in the West. there should be a trend »m the USSR toward a decrease

. in W, levels with time. Nevertneless, it appears that, as \n the pist, Soviet relative
] "

hat of thewr \Western
:::, . fusstege-group weights would remain somewhat above tha
o counterparts.
bd
[ N ’ w
':'a : 1.5.3 Influence of Ratorcratt Size (i, ,, ) on W, Levels
)
W .
2 - The influence of the size of the rotorcraft, as eaprewmd through its maximum fiying
' A gross weight, on the W, level can be detected by sxaminiag Figure 1.5, where one may note
" '_ c the following:
¥
oo
A
\'.
1’.
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. RELATIVE FUSELAGE WEIGHT ESTIMATES
'
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RELATIVE FUSELAGE WEIGHT ESTIMATES (CONT'D)
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For Western .ielicopters. there is considerable scatter in the W, vaiues for each
Maximum cross-weight ¢ ass. However within thig scatter, it a7 Dears that in
general, the relative fusel. ge weights of the tandem configurations tend to be
somewnst Nigher then thowe of the single-rctor type, Looking at the Western
OptiMmel LOUNAMY, 0N My presune that, potentiaily, the Icwest v, values
could be achisved for the ¢, gle-rotor, medium-size helicopters of the 20.000 to
25,000-00un0 manimum 3r0: s-we:ght class. As for the crane-type contigurations,
it is clesr ‘rom Figure 1.8, a: wall as from Figure 1.7, that thus neicopter cate-
Qory exhidits l;', levels cons derably beiow those of their non-crane counter-
parts. For the tit-rotor aircratt, deviations of the relative fuselage weight values,
once juczed within the context of ther gross-weight class, seem more favorabie
when compared with helicopter: then would sppear from Figure 1.7.

In attempting to estadblish the g oss-weight related trend in W, values for Saviet
helicopters, one would note frora Figure 1.8 that once the point on the extreme
left corresponding to an early design (Mi-1) is excluded, the relative fuselage
weights of the Mi-2 through Mi-12 are consistently close to #, & 12 percent.
The Mi-6 and Mi-10 form an excestion, having I¥ values of 14.3 and 13.4 per-
cent, raspectively. From a ptot of ooints for Soviet heiicopters for which data is
available, it appears that, in genera , their W, values seem to be higher than fcr
their Western counterparts represented by single-rotor configurations. With no
substantial data available for relative fuselage wcdghn_of Soviet helicopters
from the seventiss and eightics, it is assumed that the IV, values derived from
the single-rotor hypothetical helicopters of Ref. 4 should give an indication
regarding the trend. Following this 1easoning, it appears that Soviet designers
are attempung to, and perhaps, alreacy have achieved the same levels regarding
reistive fuseiage weights as those in the West.
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1.6 {renas in Heiative Weights ot Landing GLears
161 General

Thare sra three basic types of landing gears being used in rotary-wing aircraft:
(3) skuds, (D) tixed, and (C) retractatie. Within the MOst NUMETOUS Yroup Of (L), uNe May
distinguish 8 specisl sub-group of talier-than-usual landing gears for cranes and heavy-lift
heticopters. One may expect that the relative waight trends may be somewhst different
for each of the sbove-mentioned types of landing gears. In addition, some investigators
of the weight aspects ot landing gears (i.e., Tishchenko et al*) tend to establish tanding.
gear trends seperateiy for single-rotor and tandem contigurations. However, this investi-
gator believes that differences in the relative-weignt trends of undercarriages for tandem
and single-rotor helicopters are not iarge ehough to warrant establishment ot separate
sub-groups in the presant study.

Thae relative weight of a landing-gear group is defined as

w" - w"/wm“, (1.5)

where W,' is the weight of the landing gesr, and W, ., as slways, represents the maxi-
mum flying weight gf a rotorcraft. Inputs necessary to establish both temporal and
size-re:ated trends in W,. vaiues are presented in Table 1.5,

1.6.2 Temporal Trends in W,' Ratios

Temporal variations in relative landing-gear weights are presented in Fig. 1.9,
from which the following trends can be dcduced.

1. With respect 10 Western rotorcraft, one would note that in the skid-type
landing gesrs, there seoms to be practically no change in relative weights
over the years, with the I, value being slightly abows 1% of i, .One
exception is the the MBB 105 helicopter with W,' = 2%. Relative weights
of the wheel-type tixed landing gears, when judged m the light of the so-
called optimal boundsry at well as actual distribution of points, seems to
indicate some_decline in W,, values with time — approaching, in the
eighties, the W,' » 2.2% ilevel. As expected, the mm_n landing weight
of the heavy-lift helicopter is considerably highes (W,’ * 4.3%) lrfan
those of the optimel boundary. One may expect Bat, in principle, W,
values for retractable landing gears should Le higher than those for their
fixed- type counterparts. This trend can be noted from Fig. 1.9. However,
the W,’ = 1,66% value for the CH-53E helicopter represants an interesting
exception. With respect to the tilt-rotor configuration, as exemplified
by the XV-15, its W,, is considerably higher for ¥TO oper.tions, and
slightly higher for STO operations than for helicopter.

2. Having no data available to this investigator on W,’ values ‘or contem-
porary Soviet helicopters, the so-called optimal for relative landing.
gear weights wat established using inputs for hypothetical helicopters of
Ret. 4. Except for the V-12 case, W,, points for all aher actual helicopters
sppear Quite close to the optimal boundary. Looking at the trend sug.
gested by this boundary, 1t appears that similar to the Western case, 2
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slight decline with time in the W,, valus can also be depicted in Soviet
designs. Special tall landing g2ars for a crane reiicopter obyiously results
in a8 much higher W,, leve! thar. for normal undercarriages. One also
should note that the relative weights of Soviet fixed landing gears are
genersily quite close to those of their Western counterparts. With respect
to Soviet retractable landing gears, or.e of the points shown in Fig. 1.9
represents the W,’ value for a hypothetical helicopter®. The anticipated
¥, levei appears similar 10 those of some V/estern rotoreratt.

1.6.3 (Influence of Rotoreraft Size (I¥,, . ) on W,, levels

The influence of rotorcraft maximum flying weight on W,, values can be stucied
from Fig. 1.10. Looking at this figure, the following trends can be detected.

1. In the Western group, one will note that, in principle, the relative weight
of the skid-type landing gear cloes not seem to be affected by W, ,,
values. Also, W,, levels for wheel-type fixed landing gears does nat sppear
to ba affected (in 3 trend manner) by the flying gross-weight values.
Higher-than-normal W,' values ‘or the heavy-ift helicooter should be
attributed to the specific configurztion of its landing gear, and not its
maximum flying gross weight. With respect to the retractable landing gear,
there are r.ot enough points at this time to establish a meaningful trend.

2. With respect to Soviet helicupters, a trena of almost constant ¥, values

with Wm“ for fixed-whee' ype landing gears seems to emerge from an
examinaticn of Fig. 1.1C where the so-called optimal boundary also
appear ‘Ipresent the average W,' = (W g} line. Extension of the
optimal 'dary using data for hypothetical helicopters‘ appears to
support .. tend of Wy, vs. Wy, being aimost constant. Similar to the
case of Western heavy-lift helicopters, high vaiues of the l'.‘,g points repre-
senting the crane configuration and the Mil V-12 side-by-side helicopter
are exceptions resulting trom specific lanuir.g-gear contfigurations. There
is simply no data available regarding retractable landing gears to establish
a trend of Wy, vs. Wip,,.. This is due to the fact that all presently opera-
tional helicopters have fixed landing gears and, except for ¢ single point,
this investigator coutd not find any 17,, vilues for retractable lanciny gears
of hypothetical helicopters.
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1.7 Teends in Relative Weights ot the Drive System
171 GQGenersl

In weght-prec.ctiong of the drive system, seppate estimates ate usudi'y Made for
guarhounes s~ ¢ngtes Furthermore 1T may ha 3reccated thyt gre 0t the sman uetarg
Jeterinining the weght ot the Orive sy stem waiil e the magiutude ol torgue tiansn.iled thiough
various eisnents Jf the system. Conseguently such chirsctecstics &5 power nytalled and
overall LanEmiss.on 181 Would More STronyly dttect the drive-Sysiem weidnt ievel THan 1he s:le
of ¢ roturcraft expresiad throuyh st max mum tiying gross weiynt, [ ne intisence of puwer any
TraN;MisHon 1810 ON tra wmission weight will be discussed at the end of this sect.on. However
SINCE TN piesen] $TUJY 1S aimed 8t presenting the infiyence Of relative weighls Of Migiar rutur-
cratt companents on relative weignt empty, the same ghilosophy will be maintained. Conm -
Quentiy, with fespect 0 weiynt, the drive system wili De treated as 8 singie whyle, and s
relative weight (1 .} will be related, as 1n preceding cates, to the maxsmum tlying wignt of the
rotorcraft, Thus,

Way = o/ Wmea 1.6}

Al.Q e in the pest, both tempars! and size-related (W, , 1 cotorcralt trends in the
W 44 v3lues will be exarmuined. Basic data required for estabiishing these trends are guven in Trule
1.6.

1.7.2  Temporsl Trends in ', Ratios

Temporal varstions in relative drive-system weicht are presented wn Fi3. 111, from
which the fuliowi g trends will be deduced,

With tespect to Wwesiern rotorcraft, one would note trat for pure helicopters, the scatter
n Wd, valugt i NOL a8 high as anticipated, Furthermare, iopuny at the cptimal boundsry, one
may sssume that there exists some pOLantial trend 1Oward relCtiICH OF the relative Urnve-system
weight with timae, in ite 0f a definite tendency 10 install mure power per pound vt helicopter
9rass weiyht and even in the cases of establishing operationa.power Limi.g 10 have More powe
available per pound 0f gross weight 10 the newer aucraft,

1t shauld be emphauzed, however, that the potertial trend toward decreasing i,
values with Lime 1S sight, and when one t0oks a1 the trend reresented by averaye o, valucs, it
SPPELrS AIMott constant, staying at sbout an U'e level througtout the yea's,

Fae the tit rotur contiguration — et regcresanted by the XV.16 — the »
higher (ewoecialiy for VTO operations) than tor corresponding helicopters.,

Soviet helicopters generally exhibit trends umiar B those of their Western counter-
parts. Their optimal bourciery for existing machines runs very cluse 10 that of the \vest. A
tentative extension ot that boundary on the banis ot data tu Soviet hyvpotheticeis also 1emang
close 10 Western projections. There i1 also & sumulanity 1n thescatter Of points tof the two desyn
Khoois. Looking at the prujectiong as represanted by the twpotheticei hebicopters, one wouild
note that the Sceets erixipate (contrary to the actugl Wetbrn trend) connderally higher it g0
valaes tue 1he Larye (D2 metnc ton) tandem helicopter. Thiswpect will be mure crearty visiule
infFig. 1.12.
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173 W, Tronds with Remect to Maximum Gross Weighe

Re'ative weights of the crive system — as defined by Eq. {6) ~ are plotted vs. maximum
tlying gross weight in rig. 1.14. EXaMINILUON O NI Tigufe wowd sugyest LNe 101uwilig Lighus,

Should ons sketch an cptimal boundary for Western rotoreraft, it wouid show that
no definite trend sppedrs (N (ne .f“ = Fub gy g o} FEIGLIGNSLD. Fuithermore, looxino ot the s
tribution of the average i, values, one would get the impression that — simiiar to the tem-
poral trend, the W, level remains, on the average, aimost constant with respect to i, ,
(equal to about 8 percentl. The trend indicated in the previous figure is contirmed here with
respect to the tilt-rotor representation; namely, showing that the W, value, especully in
the VTO case, is higher than that for helicopters of the same weignt class.

With respect to Soviet neiicopters, it was not possibie to establish a clearly defined
optimal boundarv. Looking at the hypothetical helicopters, it is interesting to note that with
the exception of tho single-rotor 16 metric-ton class, the authors of Ref. 4 do not visualize
any reductions in w,, values below traditional levels. Furthermore, for the 52-ton tandem
configuration, they visualize relative drive-system weights higher than those for the single-
rotor or side-by-side helicopters of the same weight class, and considerably hcghcr than for
the Western tandem heavy-lift helicopter (CH-62A).

1.7.4 Some Other Ways of Relating Drive-System Weights to Rotorcraft Characteristics

In order to determine whether the scatter visible in Figs. 1.11 and 1.12 may be reduced,
as well as to single aut factors wh: ¢h may contribute to a future reduction in system weight, the
refationship of the dvivc-.system veight to other principal rotcreraft characteristics is investi-
gated. Thus, in Fig. 1.13, the dr =-system weight divided by transmission rating () is plotted
for Western helicopters vs. year i roduced into service,

A glance st this figure wc 1 suggest the foliowing temparal trend in transmission weigivt
per horsepower ot transmission 13ting. The shape of the optwmsl boundary seems to indicate
a rapid decresse in Wy, /P value: in the 1950-1960 time penad, and then ieveling off. This
trend siso sppears to be confirmed by the overail distribution af points, which aiso indicates
that in the 1960-1980+ time period, the average drive-system weight per hp of transmission
rating remains practically constant at the W, /P % 0.055 Ib/hp beusi.

A different method was used t0 relate drive-system weigtt to other major helicopter
characteristics through the toliowing parameter (x):

K= Wy /Wy VW, .7

where W, on (8 the helicopter maximum flying weigr.. it pounds and w is the corresponding
main-rotor(s) disc-loading in psf.

The selection of W, ,,\/_ w a8 the denominator in Eq. (1.7) was supported by the follow-
ing reasoning.

In hover, the rotor houcpowor can be expressed as

RrP, = T33/550FM\/2pA (18

wheoe 7 is the total rotor thrust, £V is the rotor figure of merly p is the air density, and A
ig the rotor(s) area.

.39.
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It can be seen from Cq. (1.8} that
PHP, = flW¥21/A).
This, in turn, can be rewritten a3
RHP, = FliW\w). ‘ (1.9)

As ‘n the preceding case, x val.es for Western helicopters were piotted vs. year of entering
service in Fig. 1.14. Looking at this figure, the following temporal trend in x levels seem to
emerge. On the average, x appears to remain almost constant, and approximately equal to
0.0130 Ib/lbs/ﬁi-f. The shape of the optimal boundary suggests the potential {or a slight deciine

in & values with years.
Frcm the interpretation of Figures 1.11, 1.13, and 1.14, one may cunclude that there

is a trend toward slightly lighter drive-systems with the oassage of time, where the lightness
is judged by (3) the level of the relative weight (Iv,,), (b) weight per hp of the transmission
rating (i¥,4,/P), and (¢} by the values of the x parameter,
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1.8 Tienus in Reialive vicuynts of Fue aystein

181 CGCeneral

In weight-prediction methods, the weight of the fusl system is usually directiy related
10 tne fuel (apecily Of the awcratt. Furthermore, It may LS expucted that the weiyht of this
system would be strongly affected by such factors as self-sealing and crash-resistant require-
ments. For this resson, :t may be anticipated that s large scatter wouid be encountered if one
relates the fusi-system waeight to aircraft gross weignt. Nevertheless, this latter approach will
aiso be used hers. Thys, for reasons aiready discussed in the preceding section, the relative
waight of the fue! system (5-0’,,) is defined as

Wh - wh/wnuu- (1.10)

It should siso be noted that because on the sverage, (l-V',l” ~ 1.6% (see Table 3.8'),
changes in W, valuss would have only a secondary effect on the rotorcraft weight-empty
lavel when compared with the influence of relstive weights of other major components. For
this reason, only a brief examination of gross weight-related trends is performed here. Basic
inputs for this task are given in Table 1.7,

1.8.2 Temporsl Trends in W,,

Even though the data shown in Figure 1.15 is somewhat limited, looking at this figure
one would note thet for Western helicopters there is, as anticipated, a large scetter of W,,
values. Further insight would indicate that these higher W,, values (as high as 2.10%) represent
military helicopters, where crash-resistant and self-sealing requirements are applied, while the
optimal boundary remains practically consiant vs. time, remaining at about the 1.1% tevel.

With respect to Soviet helicopters, one would note that their optimal W,, boundary
stays very close to its Western counterpart until the mid-sixtie. and then dips below it with
future projections 10 » low level of I¥,, & 0.8% only. For relative fuel-system weights, ihe
general scatter of the actual and hypothetical helicopters is comperatively low. In that respect,
it would be interesting to obtain data for their comoat-type helicopters, where self-sealing and
crash-registant requirements are probably incorporated, and ses how their W,, values would fit
into the general trend picture of Fig. 1.16.

1.8.3 Infiuence of Rotorcraft Size on W,, Level

A glance at Fig. 1.16 will indicate that for Western helicapren, there appears to be no
visible trend in the variations of W,, = f(Wax)- A closer examination will show, as indicated
in the preceaing subsection, that the W,, value is primarily infiuenuxi by crash-resistant and
self-sealing requirements, and not by the helicopter size.

As to Soviet helicopters for which there is apparently no crashresistant and self-sesling
requirements, ordinates of the optimal boundary remain practically apnstant throughout the
weight range, and Wh values for other points do not excessively devate from the optimum.
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DATA SHEET - SOVIET MELICIPTERS N
'
¥R NODEL YEAR  MAI FLYING T FUEL-SYSTEM T  RfL. of CORENTS -
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] LIH 195 "o w4 0.%% >
ussa n-2 1985 un 79.9 0.0098 -
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19 Teonctg 1n Rotative We ghts of Fught Conerst Gun
191 Qeneral

S.mulpr to the case of the crive system in the wei;nt-prediction procedure, separate
SITIMatEs are Ut ally Mane t0r The COCKDT aNT he rXMR.AING £ortrDls inetirding the hoagting
Systemg. Howe 7, hei@ 3330, a8 v Section 17, urv the overail weyhts of thight contivlg
will be conucertd and, as usual. the relative weignt of trs major rotorcraft component s
detined as

Ao ™ Wb ‘ (1

The vesk cata requ:red for estachishing temporal and rotcrcratt size reiated (basec on
maxunum tly.ng gross weight) trends in " 4. vasialions are presented in Tabile 1.8.

192 Temporal Trends in ﬁ',‘ Ratios

Relative weights of the flightcontrol group ¢t Hoth Western rotorcraft and Soviet
helicopters are shown vs. year of intrcduction into serwice in Fig. 1.17. Looking at this figure,
the toilowing trends appear to emerge.

The optimal boundary for \Vestern helicopters suggests a potential for reduction of
l?,‘. values with the progress of time. However, when one examines the overall distribution of
Uie teiative weignt points, it becomes clear that the temporal decrease in the ity level was,
on tne average, inuch smaller than could be anticipated trom the optimal trend. With respect
10 the tiit-10tor a3 represented by the XV-15, it is quste clesr that because of the presence of
rotoc-ettitude controls, one may expect much higher E,c vaiues than tor corwventional heli-
copters.

With respect 1o Soviet helicopters, one would note that the temys.oral trend s similar
0 that of thew \Western counterparts. For instance, tne Soviet optimal boundary — extended
towdrd »7,‘ valugs tor hypotheticai hehicopters —~ seemns 10 «dicate both an actual trend and
probably 8 conscious effort at present as well as in the tuture toward redu~tion of the relative
waetght of tLight controls. It also appears that in spite of ahigh i, tevel tor toe existing side-by-
side heticopter (Mil V-12, they hope that in the futusy the relative weight of tught controls
for the side-by :de contigurations can be kept Lasnicaly. on the same level as for the sinyle-
rotor configurstion,

193 “!r Trengs on Maximum Gross Jieights

Relative weights ot the thightcontrol group vs. W4 ©! LOth Western rotorcratt and
Soviet helicopters are shown in Fiy, 114, where the [oltowirtrends seem to emerge.

With respect 10 Western helicopters, once the pointy epresenting helicoptery with fittle
LOOING are excluded, there appears to Le hittie change n - te Vptinal boundary as @ functicn
of the i, valuas, 31ay1ng clore 1o the i, = 4 & level. e Gverall dutribution of the 4 .
POiNts a3 well Goes NOL lead to ¢ Jetection Of any clear patten uf the vanation in the reletive
worgnt of the g1t controls with respect to W . Points rescsenting the tilt-rotor rotorcratt
ndcate thet, as elready potted Out in the preceding subseeon, the ""c values tor thyy con-
1JUTaLIN 810 MOre than two “imes higher than for helicopteriul the same weight class.
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For Soviet helicopters. the ootimal boundary (extencied tomwvard hypothetical machines)
8is0 appears. as in the case of Western helicopters, close to the W,: = 4% value. As tor future
trends, only moderate reductions in relative wemhts of flight controls are expected. it is inter.
esting to note that similar leveis of It values are projected tor ali configurations (single-rotor,
side-by-side, and tandem), in spite of the fact that the actuai relative weight ot the ilight con-
trols of the Mii V-12 «ide-Dy-side helicopter is well above those 10r single-rotor types.
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1.10  Discussion !
1.10.1  Contributions of Major Component Weights to Rotnrcraft Weight Empty

The relative weight-empty of a rotorcraft (W,) is obviously the sum of all the relative
weights of major components:

Wo = Wo Wy =iy + Wt Wy b Wy + We + Doy Wy + Wy + Wy, (1.12)

The first seven terms on the right side of Eq. {1.12) represent relative weights of com-
ponents whose temporal and size-related (i, ") trends were discussed in this chapter, W 3
and r respectively, arc the relative weights of the tailrotor group and propulsion sub-
symms and | the last two terms indicate the contribution of engines instalied (w,,,) and fixed
equipment (W,, .

Trends for w and W ‘pss Were not examined here because their contribution to the
relative wenght-empty n small.

The contribution of the engines(s) weight to weightempty were quite considerable in
the pasy; i.e., W,,, 2 0.094 for the H-21C helicopter of tm early fifties. At present, for heli-
copters, they have dropped to a much lower level; e.g., i¥,, = 0.033 for the CH-470. Conse-
quently, further reductions in their relative weight values would only slightly influence the

u
relative empty weight. However, for other rotorcraft canfigurations — far example, titt-rotars — ::
where the powsr installed per pound of maximum flying might is considerably higher than :"
for helicopters of the same gross-weight class, the role of W 'en in achieving a certain leve! :
of the relative weight-empty may be more important. However, examination of the influence ]
of new materials on the specific engine weight is beyond the limits of this study.

Fixed equipment (as in the past) represents an umpomnt contribution to rotorcraft R
weight-empty as depicted by W,, = 0.076 for the H-21C, and i¥,, ~ 0.074 for the CH-47D. 9
It is obvious, hence, that s reduction in w,, values may represent a significant factor in re- .
ducing the relative weight-empty levels. However, an investigation of possible reductions in !
W,. values is also outside the scope of this siudy, especially in view of the fact that custon er ‘
requirements probably has a stronger influence on the amount and type, and thus, th* weight D

of the fixed equipment than any other requirement. Some of these aspects will be briefly dis-
cussed later.
Figure 1.19 was prepared in order to permit the reader to ascertain at a glance the !
importance of various major component weights regarding their contribution to weight-empty d
and, thus, to determine where the largest payotfs in reducing W, levels can be achiever! through
the use of new materials, Here, relative weights representing the contemnporary state of the art
for the seven major heliconter components discussed in this chapter are shown in the order of
their decreasing values. T.ie representative relative major component weights were determined .
by computing their average values for the Western helicopters appearing within the 1980 £ 5 o}
limits in figures showing temporal trends in the relative weights «f components. The relative
component weight values corresponding to the optimal boundary in the eighties are aiso
marked in this figure. This shou!d give the reader some idea as & the already existing possi- ¢
bilities of reducing the relative weights of these components.
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Figure 1.19 Average and optimal relitive veeights of major components for Western helicopters of the eighties
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1.10.2 General Remarks

The usual way in which technology progresses is by minor improvements over a long
time pericd, pius sudden introduction of mujur breahthioughs. The weighlreductivn prucess
as applied to rotorcraft is no excaption to this rule, where the appearance of new high-strength
materials may be regarded as the “breskthruugh.’” In principle, this may produce 8 substantial
reduction in weight. However, the weight reduction may be ‘‘used up’’ 1n meeting such require-
ments as increased life anc crashworthiness. Also because of the lack of data on long-term
tield service life, conservative structural design is likely 10 be practiced, resulting in less weight
reduction, but more confidence in the structural integrity of the component. As service fife
is accumuiated, the weight may be reduced Ly redesign if the economics of the change are
favorable to tha customer by reducing costs and/or increasing payload or performance.

General comments regarding weight-reduction aspects of the major rotorcraft com-
ponents discussed in this chapter will be given below in the same sequence as they appear in
Figure 1.19, But there is one area which is difficult to assess; namely, the weight of vibration
reduction devices which, in some configurations, may represent a significant contribution to
the rotorcraft weight-empty.

1.10.3 Fuselage

All components which house the useful load, plus those that carry and transfer struc-
tural loads are included here. Thus, this category includes body, wing, tail, snd some other
items such as structural firewalls and equipment, and the support structure that may not
normally be inciuded in the above three groups.

It can be seen from Figure 1.19 that the fuselage as interpreted here represents the
largest single relative weight item of all major helicopter components. Consequently, any
significant reduction in the W, ievel would have a considerable effect on lowering the helicopter
weight-empty value. However, possible gains in that area are difficult to assest for different
reasons, but there are two in particular. The first is comparative. How do you cuinpare pro-
jected savings. Typically, this is done vs. an all-inet>l comparable vehicle, but the truth is that
we cen not do a good job of estimating an all-metal aircraft for the following reasons. First,
there has been a gradual, but persistent, change in requirements, plus the gradual introduction
of composites during the past several decades; notably, glass-fiber for secondary structure and,
more recently, Xevlar and graphites. The second reason is that all-composite structures are still
in the early stagas of development. It remains to he seen how the materials and their protective
coatings will hold up under extreme service and climatic conditions over the typical airframe
lifetime. In the immediate future, it may be expected that unknown program risks may be
svoided by adding extra plies of materials, etc., thus the weight savings may not reach esti-
mates based exclusively on strength-weight considerations.

The use of new analvtical methods should better enable assessment of composite
waeights; particularly since we are beginning to accumulate data from recent and current com.
posite aircraft programs such as ACAP. In the future, we can expect design techniques that
better integrate equipment, systems, and structures, including the impact of military require-
ments — all relying on CAD/CAM plus data bases.

The impact of detectability, crashworthiness, battle damage tolerance, etc., are diffi-
cult to assess, particularly when compared to an all-metal design, since the all-metal design
should include ali of the special features to the same standards as those of the composite struc-
ture. Nevertheless, judging from Figure 1.7, one may expect that the temporal trend of de-
creasing iV, values with time will continue in the future.
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:i‘ 1.10.4 Drive System
)
%, The relative weignt of the drive system, averaging about 7.5 percent for Western heli-
4 copters (Figure 1.19) and more for the tiit-rotor, represents the second Iar_gest contribution
.’: to relative weight-empty. Hence, here, as in the preceding case, reductions in I, values consti-
' tute & potential for lower o, leveis, Theretore, it is important to know the tactors that have
i an influence on the relative drive-system weight. In this analysis, it may be convenient to
:\ focus one’s attention on srafts and gearboxes. However, there 1s one item that is common to
& both; namely, bearings, as they considerably contribute to the drive-system weight. Unfor-
_:'. tunately, weight increases rather than reductions, can be expected in the tuture slong with
5: the trend toward longer service life requirements. This is due to the fact that bearing size and
& weight are a function of therr life to an exporent that is larger than unity. Only minor improve-
. mMents in bearing technology can be expected to offset that trend within the next several years.
't: With respect to shatts, the use of drive shafting running at supercritical speed can sub-
).n stantislly reduce the weight of long shafts; mainly, by eliminating some of the couplings and
.: () bearings that usually comprise the larger sharc of the shaft weight. Additional weight may be
_.: saved by using composite adapters, Thus, overall savings in shaft weights may be expected on
L the order of 20 to 40 percent when compared with metal shafting running at subcritical speeds®,
. Due to manufacturing constraints, the minimum composite tube wall for 8 shaft is
l about 0.080 to 0.10 inches thick. This minimum thickness impac:s the weight as follows:
; obviously, for low-torque shafts, the tube will be over strength, since low torque is associated
d with small tube diameters, but with overstrength and stiffer tubes, the distance between
: besrings may be increased and, for a long shaft run, a bearing support and coupling set may
5 possibly be removed, However, this is not as efficient as incressing the diameter-to-tube wall

thickness {d/t) ratio where stiffness is desired,

Consideration of battle damage usually results in a tube di>meter of about 4.5 inches.
The combination of a 4.5-inch dismeter tube plus s given wall thickness of 0,080 as a minimum
will dictate the waeight of the tubing run for small helicopters. The shaft rotational speed may
affect the number of couplings required for long shaft runs,

For 4.5.inch aluminum tubes, the minimum wall thickness is approximately 0.060
inches; thus, it can ba seen that the composite tube will be lighter than that of sluminum,
since the density ratio favors the composite by almost 2to 1.

It may be of interest to point out that for large helicopters, the tube diameter will

TR

e
=
-

1 usually exceed the 4.5-inch diameter. It can be shown that for long shafting runs, the weight
[, is primarily determined by the distance between bearirg supports (critical length). Criticat
A fength may be approximsted by C(P‘”/Nzn), where P is power, N is rpm, and C is 8.4 tor
’ metaks and 12.0 for graphite. In general, the roughly estimated weight of the propar composite
- shatts amounts to about 70% of that of siuriinum and, in addition, the number of bearings and
K couplings may ais0 be reduced (because of the longer critical length) to 70% of that for metal.
‘,‘.( Thus, the total weight of tne long-run composite tubs shafting may be approximately 0,7% of
1 that of the metal type. )

".: Trends in the weights of rotor shafts are difficult to assess due to the need of mating
ta composites 1o metals at each end of the shatt, which would probably be required in currently
‘ envisioned applications. If the shaft is refatively short {as is usually the case), a weight increase
:' will likely result, while the converse would be expected in a long shaft, It the typical planetary
.; cearrior is made of composite and integrated with the shaft, then a savings estimated to be on
” the order of 20 percent may be made on the combined carrisr and shaft woight.
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2y Foousing une's attention on gecrboxes, it may be expected that they .vill have casinge
;:! made of composites, with an attendant weight saving of 2 to 5 percent. Ref. 7 gives a3 good
._:1 ingight into this technological develapment.
:,: Lubrication systems for gearboxes have not been investigated as seriously as other drive-
" tystem components. There are two heavy components in this system: blower and cooler. Other
than the use of composites in the blower, little can be done to save weight since the cooler must
1M . basically transfer heat, and this is berter done with metals, which brings up the following ques-
'\: tion. Will the loss of heat rejection of a compcsite vs. a metal gearbox case resuit in a cocler
::l size incresse, which wouia negate the weight saved by the composite case? For small boxes,
:: . this will nrobably be true.
;!. The remaining components of the drive system are the rotor brake and clutches. Rotor-
brake technology is similar to that for landing gears, since they both transfer large amounts of
N kinetic energy rapidly into heat. No significant weight savings are projected here, Clutches are
::‘ of two main types: over-running, which are usually inside a gearbox and require no controls;
W, and engaging clutches, which are usually remote control external devices. This type is seldom
: . used, but when it is used, it can be quite heavy, thus, it is s candidate for weight-reduction,
‘:. although there is no known specific program at this time,
. 1.10.5 Btades
¥
:" Lifting blades represent the third major component (see Fig. 1.19) as far as its contribu-
:. tion to helicopter weight-empty is concerned, However, with {WM) oy = 4 percent, this contri-
‘l: bution is much smaifer than those of the fuselage and drive system, Furthermore, in rotor-
v:. blade design, the promise of weight reduction is not clear for the following reasons. First,
- autorotation capability and coning requirements may dictate blade mass (see Appendix A).
X sutorotation capability and coning requirements may dictate blade mass (see Appendix to
.;, Ch, 2). Second, natural frequency is 8 significant driver of both structural weight (El required)
;t: and weights required for mass distribution. In addition, blade strike, service life, battlle damage,
a:| thus negz.ing waight saved by elegant design solutions using advanced materials.
:': However, the use of advenced materials {chiefly compasims) may result in preventing
! weight increases, which should be considered of equal value to 8 weighu decrease.
2 One ares where weight can be, and sometimes is, reduced is st the blade root where the
’.: blade is attached to the hub. Since the attachment is usually so far imidoard, it does not have a
2 significant impact on autorotation capability. Ideally, new blade diesins will have root ends,
: which consist of spar fibers continuing around a small sleeve; thus elininating a separate and
.: heavy root attachment fitting. Perhaps the flexure part of a simple habs can be integrated into
: the root end,
- In spite of all the constraints regarding possibilities of making roturcraft blades rels-
;:0' tively lighter, Figure 1.3 suggests that some progre<s toward loweringthe Wb, values have been
‘.: mads through the years,
[ -
g 1.106 Flight Controls
Ea )
,1' The relative contribution of the weight of the flight-control system to the helicopter
{ weight-empty is, on the average, similar to that of the lifting blades (atout 3.8 percent as shown
4 in Figure 1.18). As far as conventional controls (mechanical linkages hydraulic boosters, and
}. classical swashplates) are corcerned, continuation of the present trord indicated in Fig. 1.17
I3 may be oxpcc_t_od. Which means that, looking at the overali distributan of points, only a slight
:o‘ reduction in W, vaiues can be expected, although the optimal bountaries in Figures 1.17 and

y 5

1.19 suggest more spectacular possibilities,
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) However, the advent of “fly-by-wire’’ (FB'W) and “fly-by-optics’* (¢80} fiignt control
' systems plus the use of digital microprocessors, as well as the inclusion of automatic flight.
" . stability and flight-patn control in future systems nas resuited 0 @ potental tor weight reduc-
::! tions. There is also the possibility that further weight reductions may be achieved through the
! use of composites for cockpit controls, cuntrul actuators, rods, and cranks. |n view of the rapid

\ changes occurring in this area, it is difficult at this time to compare the overall impact of these
N new types of controls with the hydromechanical system, which will probably not te used on
h : future military aircraft. When actual production hardware of the FBW and FBO type is de-
:i veloped and tested, » meaningful assessment of weight changes can be made.

Yy
4,

1.10.7 Hubs and Hinges

The relative weight contributions of hubs and hinges to W, at (Wn oo ™ 3.5% are quite

] similar to those of the lifting blades anc flight controls. Consequently, reduction in the rela-
i, tive weights of hubs and hinges are equally important,

I Beginning in the 1970's, the temporal trend of the relative hub weights given in Figure

: 1.5 shows a noticeable improvement in W,, levels. The introduction of titanium hubs resulted in

& substantial weight reduction for s specific design spplication. This is clearly shown by the

19686 and 1972 points, where the upper points correspond to steel, while the lower ones corre-

spond to titanium hubs for the same helicopters. Unfortunately, primarily because of the large

:: variations in hub configurations and design requirements, the weight-reduction effect of ti-
" tanium hubs is largely lost in the scatter of the trend.
N The introduction of advanced composite materials has resulted in some dramatic weight
! reductions, even for the same helicopters {(note the points corresponding to the 10,000 and
i 73,500-1b gross weights in Figure 1.6). But these gains are particularly remarkable where new
W simplified hub concepts have been applied. The structural properties of the advanced composite
,':. materisls have, in large measure, contributed to these new concepts. Aerospatiale huc designs
; - show spectacu'ar achievements in weight reduction (ses Figure 6 of Ref.&). It remains to be
,:0 seen if this improvement can be applied throughout all size ranges of helicopters, -
KN With respect to Soviet hypothetical helicopters (Figure 1.6), it is of interest to note the
range of hub-to.gross-weight ratios. The points for & 52 metric-ton helicopter of single-rotor,
b, tandem, and side-by-side configurations are puzzling as to why such a large variation exists
) between the side-bv-side and the tandem, which are both similar in concept except for orienta. .

tion of the twin rotors.
It was expected that the teeter-rotor hubs would be lighter than articulated rotor
P hubs, but this Is not true in general, aithough the more recent hubs are at the bottom edge of .
the total population.
The main conclusions to be drawn at this time sre that there is a gradual decline in

: the hub waeight-to-gross-weight ratio with time, and that simplified hub concepts plus the use of
: ' advanced composite materials will resuit in a significant reduction of the weight ratio especiaily
i \ in small helicopters and likely, in medium-size helicopters also. Further work may be required
@ to determine the feasibility of applying these same concepts and materials to largcr helicopters,
p and investigating whether similar weight-ratio reductions as those of the smail helicopters can
i be obtained,

Materialz other than advanced composites may aiso be developed that will enable the
hub ratio trend in general to proceed along or near the W,, 2 0.02 values in the future, Looking
‘ Vi at Figure 1.8, it should be noted that Wn values for the tilt-rotor are at the optimal boundary.
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"y : 1.10.8 Landing Gears

\)

;:'l; ‘ One can see from Figure 1,10 that the relative \_Iieight of the landing gears may range

;':o from about 3% for the retractable type 10 as luw a3 By < 1.0% for shids. For tiaed type

‘..:': lancing gears, the relative weights for contemporary heiicopters is equal to about 2%. For

',*: X crane-type helicopters, W', velues as high a3 4 3 tn £ 8% may be expected (Fiqure 1 9) Conse-
Guently, the potential contrivution of lower »,, levels to reiative waght-empty would be

‘9:' . governed by the type of landing gear.

';!: As far as possibilities of reducing relative tanding-gear weichts in gencral are concerned,

:0" - advanced high-strength mater.als should contribute 1o that process, since a consioerable portion

:l. . of the landing-gear weight consists of icad-carrying slements which can bc made lighter using

t’:‘ materials with better weight-strength characteristics,

The trend curves depicted in Figures 1.9 and 1.10, and the bar grapns shown in Figure
kY, 1.19 seem to clearly indicate a possibility for the use of relatively light retractable landing gears
' ; for helicopters, where a large difference between average and optimal W,, values have already
A been demonstrated.

Although there are nu similar major differences between optimal and average W,,
" : levels for fixed landing gears, the temporal trend of Figure 1.9 indicates a sieady decline in W,,
"; : values with time. However, no such trend seems to exist as far as skids are concerned — here,
’ the Wy level appears constant through the years.

‘." 1.10.9 Fuel System
N

It can be seen from Figure 1.79 that the average relativ: Jystem weight for Western
helicopters of the eighties amounts to about 1.6%, while the optimal level is about 1 %. How-
ever, as can be noted from Figures 1.15 and 1.16, large deviations up from the average values

h;. are encountered, especially for military helicopters, where the crashworthiness and self-sealing
"t‘ L requirements are incorporated (see Section 1.8). It is obvious that under these conditions, the
o8 : Wy, contribution to (he relative weight-empty of a rotorcraft may not be negligible.
;::l‘. In view of the uncertainties regarding safety requirements, it is somewhat difficuit
.:\.. to ascertain the influence of new materials (not only structural, but also sealers) on the relative
£ 2t —
. weight of the fuel system. Nevertheless, it may be stated in general that atthough the Wy, values
P of future rotorcraft may rise, these incresses would not be as high as they would have been
A without proper application of these new materials {both structurat and nonastructural).
by
! ‘4 s [ 1.10.10 Major Rotorcraft Components Not Investigated in this Ohapter
) . A glance at Figure 1.19 indicates that of the four major components not investigated in
L)
.: . this chapter, the tixed equipment cons:stmg of the following represents the highest relative
4y s weight value:
2 .
D : instrument and navigation group
‘," 3 hydraulics and pneumatic group
kY - slectrical group
N \ electronics group
2 k) armaments (including guntire protection)
y :', furnishings and equipment group
.'0: ;,: sirconditioning and anti-icing equipment
‘:: » loading and handling equipment
o - avionics,
e 1
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It is obvious that any apprcciabile change in the :I,, ~w 7 57, level would exert an im-
portant intivence on the rotorcreft relative waight-canpty fiyure, Ur ricietery, except tor
stating 8 truism that it is desirable to make the H';, as low as prasible, little els: can be said
regarding the possible influence of advenced techniir gy matarisly un reductions :n ‘.T’,. Jalue .
Furthermare, it should be remempereu that the amount ot fixed equipment on 3 rotorcrait is,
to 8 large extent, dictated by the customer. |n mary Case;, this wnvolver selection of “off-the-
sheif”’ hardware that has been aualified to ML Standards and thus, there 15 g refuctance to
change it, di.e to cost impact. However, some of the items couid be reduced in weight by, simpie
redesion of cases, racks, and plugs. This is particularly true of the avionics group, plu. some
electrical items.

Recently, there has been mare emphasis placed on the reduction of vendor-supplied
item weights. It is expected that this emphasis, pius some timely cuntracts, will result in sub-
stantial reductions in the weights of some fixed equipmunt, For exampie, why not integrate the
equipment case with supports? In some instances, this may be achieved with good results.

With respect to the relative weight trends of the otner three major aircraft components
not discussed in any detasi in this chapter, engines deserve 8 separate study which would-go
beyond the lT',,, aspects to include siich topics as specific fuel consumption and others.

In spite of the fac: that the propulsion subsystem at 577,,,, 2 (0.75% represents next to
the fowest relative weight of major cc nponents (Figure 1.10), it should not be excluded from
an effort to further reduce the Wp,, isvel. In this respect, one could find that new materials
{both structural =nd nonstructural) might contribute to a relatively lighter propulsion sub-
systom.

As to the last item in Figure 1.10; namely, the tail-rotcr group, one may state that here,
also, potential advantages offered by zdvanced technology materials toward reduction in W,,
values should not be overiooked. This, in spite of the fact that small variations from the average
tevel of W,, 2 0.6% wculd have little influence an the overall relative weight-empty values,
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Qne of the ~ost #mEOrant facion »n making any atcrsft ang rotarv-wing conf.gue-
LONS IN PArTICUISr, 8N OPEralIONdt SUCCESS, (8 REEDINg e we SNL-empOly O Gross-weisht Falio
83 1OW 88 PO, TN1s (8210 (Cailed reial.ia weight emply ;,) 18, 10 20D, asum of 1me rejative
weights of g the Mmaus rOToICratt COMPUNEnts. [hus, 'Gr & URITEr UnOerstanCe g wt e DU
bilities for schieving fow 0;, values, it 4 iMmPOrtant 1o cetermure the ter. .pDoral trends snd
ettects Of rotorcratt 5.0@ (Medsuled here Wrouyn tb,,,") with TEsect 20 the resative weights ot
the components Th:s a2proach should Drov.Se an 1mporant part of the founcstion 1o invest-
gating the inuiuende of the aoo!IC&iton Gt new advanced mater:als to those comp~nents, and
forecasting theu imeact on tne it iever ct Suture rotoreraft,

Temporal enus and grose-weight Ciass eilects ¢ relalise v-eights are grapnCally pre-
serited and Ciscussed for the foliowing majofr components of Wesiern ard So. et heiicupters:
(1) main-rotor Diaces. (2) hubs and hinges. (3) fuselazes, (4) iandirg gears, (5) drive syster,
(6) tus) system, and (7) thghtcontroi group. For varsous rezsons cxplained in the text, the
remgining four myor components; namely, (8) fixed scuipment, (b} engines, {c) propulsion
subsystems, and {O! ta:i-1otor group, are only briefly ciscumed here.

Untortunately, with respect to the components Jiscussed in detail in this chapter,
some interesting cats, for instance, that relsted to heldrpter- components made of new ad-
vanced composite materials, as well as nonhelicopter mrorcraft components, could not be
incluged in this study because of proprietary aspects.

Also, f.gures 1egarding component weights of cortenporary Soviet helicopters were
not avalable 10 this investigator. However, to compensate fortnis drawback, all trend figures
in this chaptler asze reproduced on a suttic:ently large scale s to enable ihe reader who has
access .0 the maung deta, of wants t0 1nitiate his o herawn projection of 8 component
weight could plot points representing that aaditional intomation, In this way, as well as
Ly adding poINts representing detd which may become avaibbie to the puthic domain in the
future, this chapter could become 3 “Iiving cocument.”

1t is believed that the current trend graphs, based on 3 wide-as-practical’ statisticai basis,
could be of real heip in the following aress. (2} deveiopment ofrealistic requirements snd speci-
fications tor new rotorcratt, (2) judgement of the ‘gooc.iess’at » major component from the
point of view of wegnt in new Jesigns, and (c) selection ot the mast ‘profitable areas’ as tar as
reduction of rotorcratt relative weight empty is concerned, axd then channeiing research &nd
development stforts in that direction,
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CHAPTER 2

INFLUENCE OF MATERIAL CHARACTERISTICS ON WEIGHTS
Ur STRUCTURAL ELEMENTS

21 introduction

In order to evaluate the impact of advanced structursl materisis on weights of major
helicopter components, the relationships between the weight of simpie structurs! elements,
varous loading modes, and principal characteristics of various materiais must bDe reviewed
tirst. Once this tesk s accomplished, one can proceed toward forecasting variations in the rels-
tive weights of the major rotorcraft components by singling out the type of {osding (tension,
compression, torsion, slastic deformation, etc.), acting on the most important structurast ele-
ments of the considered componens. In this analysis, one should remember thet structurs)
elements of all rotorcraft are usually subjected to repeating loads of various frequencies
throughout the operational life of the sircrsft. Thus, the magnitude of the total number of
cycles would be influenced, among otirers, by the following three major parameters: (1) in-
tended operational life, (2} type and size of aircraft, and (3) mode (also known as profile) of
typical operations. Consequently, all three aspects must be somehow refiected in the relation-
ship between the principsl material characteristics and the weight of the component.

With respect to the presentation of the influence of new materials on the component
weight, it appears that one of the most suitable methods would be (because of the clarity in
showing its relationship to the relative weight-empty of the rotorcraft) to establish the ratio of
the relative weight of g major component fabricated from advanced materiais to that of the
corretponding component fabricated from traditionsl materials. In other words, the "‘wradi-
tionsl” component would serve as a bassline for measuring the actual or potential prugress
1n structural weight recuction through the spplication ot advanced materials.

The sbove-mentioned aspects are discussed in some detdil in this chapter. in those
Cases where, because of time and budgetary limitations, the investigation can not be carried to
the desited depth, thewr direction is, at least, outlined, which should help future students of
this subject.

P ] Weight Ettectivaness Indices

Tension. Asming that an element of unit length (/ = 1) made ot material n 15 wd-
19Cted 10 8 tensile load of T ib {Figure 2.1), the waight of the slement would cbviously be

Wy = 1 X (T/s5)7, 20

where 5, is the pDermistibie stress in Ib/in? (i, including all the applicadble safety tactors) corre-
sponding to the aisumed mode of loading (e.g., a1ther static, of recurring .0 many times during
the stwmed lite-4pan of the component), any 7, is the speciic weight (1L .n’}  of the struc.
tutat matenial,

One can see trom £q. {2.1) that for 7 = const, the weight per unit iength of the eie-
ment wiil be proporitongl to the quanti.y

0, = V.05, ]
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oY In cortast. ©'e may sey thet “lLightness™ of the e'ement will be proparteral to e
R reciprocsi of Eg. (2.2). 10,
[ . .
;s n,), ® 5,07, (d.da)
]
) which con thus be cal “d the material weight effectieness index in tansion
Further exami ' ng £q. (2.28), 0le would note tnat the ralio on the tight side of the
:. equation has the dime . on oOf length, which can be interpreted «3 3 length in inches ¢t 8 ribbon
fo: or 10ad having @ CONsStare Cross-sect:on which, when hung verticaily from some kind ot support,
:l will produce the permis.ibie tensiie stress in the uppermost section of that ribbon or rad. For
o instance, for steel (7, » 0.282 to/in’) having an ultimate tensite strength of 5, = 190,000
3 1b.in®, the weignt-ettectivensss index would smount 10 17,,)", ® 673.760 in. Such & length ex-
pressed in inches is rather difficult to visuslize. Thus, 1n order to provide the resder with 8
N quantity more essily comprehended, it is proposed that the weight-effectiveness index for the
;‘ case of tension be redefined, and expressed in fest instead of inches.
'
“J
»
&
M
]
. -
i
] A
¢
Figure 2.1 Scheme of loading in pure tansion
h Conssquently, Eq. (2.2a] is rewritten as
W!
(n,), = 5/ (122,)- 2.3
{ Then, for. the previously considered case of the ultimats strowgth of steel, the weight
5 stfectiveness index would be (n,,)'u 66,148 ft,
l\ Compression. The same ressoning as in the preceding case can be Jpplied to compression,
. and the weight-effectiveness index can ba expressed (in feet) as toliows ]
(a), = sc/0127,), (2.4)
*
; . where S, is the compression stress aliowable tor the considered mode ¢f loading. The numerical -
,: valse of (n,,)t can be imagined now as ¢ height (ft)  of g vertical cdumn of 8 umifarm cross-
:, section made of the considered materisl which, under its own weight, would producs the
,' allowalle compressive stress at the cross-section at the base of the coiumn.
.4. Bending. In order to develop weight-etiectiveness indices in tending, two very simple
: models of beams are conudered. in the tirst case, 1t 15 gssumed thet the beam consisty of a
.: relatively thin walled cyiinder, where thickness £ € J 13 un.itorm for thewhole cylinder having 8
:, maean diameter of & (Fig. 2.2(a)).
+
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Figure 2.2 Schemes of beam cross-sections

in the second case, the beam cross-section is as- smed to consist of two (again, relatively
thin) flanges (1, €/ and I, <h), made of material for which a weightetfLctiven 1s index has to
be established, and is connected by two “weightiess’ webs.

Weight per unit lcngth of the cylinder can be expressed as
Wn", = 'dr'n: ’ (2.5)

whers thickness ¢ can be found as follows: Under the ¢ € d condition, the section modulus
tor the cross-section can be expressed a8

Ihd) = nddt/a (2.6)
and thus for the bending moment M, the corresponding stress s, would amount t3

o = 4My/nd?:

t = AMy/nd’s,. 2.7)
Substituting Eq. (2.7) into Eq. (2.5, one obtains
W,,"’ = AV A KT, ) (2.3)

It can be seen trom Eq. (2.8} that assuming Yp= const snd ¢ © const, the weight of the structure
would be proportional 1o the (Y,/5,) ratio and thus. its “lightness” would Jepend on the in-
verss of that ratio. Hence, 8s in the Cases of tension and compression, as well as in bending of
relatively thin-walled beams having a circulsr section, the 6p/7,) tatio can also Le considered
88 an index of lightness.

In the case of a two-flange beam, let it be assumed that either flanae Can work in tension
or compression, Consequentiy, the thickness (¢} of the lower and upper flarges will be assumed
to be the same (1ee Fig. 2.2b). The weight per unit-length of such 8 unit-wide beam now
Lecomes

Wagy = 207, 12.9)

Assuming that moment M can generate either a tensile torce (/) or 8 compression torce
(C) scting on the flanges, the absoluts magnitude of these forces can be expressed as

Tl = €l o Wuh 12.40)
.87-
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and, in turn,
t = Mpyjksy, (2:11)

where 5, is the allowable stress in the scsumed mode of bending. Substituting Eq. (2.11) into
€q. (2.9), one ohwing

Wagy = 2WMyin)(Y,/5) (2.12)

it can be seen from Eq. (2.12) that, similer to Eq. (2.8) when both A and h are constant,
the weight of the two-flange beam is proportional to the tv,/s,) catio. Thus, the weignt-
effectiveness inaex of material in bending can be defined in the case of tension and compression
[

(na), = s/(127,). (2.13)

Elastic Buckling. The influence of material properties on the weight of structural ele-
ments designed for elastic buckling is examined by considering this mode of deformation for a
strut of length { with a circular cross-section and a relatively small wall thickness in comparison
with the diametsr (f < d). The rod is permitted to buckie at a compressive force P,. Fig. 2.2a,
previously usea for bending considerations, can also be applied 10 the present case. As s result
of this assumption, the weight per unit length can be expressed (as in the case of bending) by
Eq. (2.5). However, the wall thickness will now be qoverned by Euwler’s formula for a buckling
load.

P, = B’EI/ 2.14)

whate P, is the Euler buckling ioad, £ is the modulus of elasticity, 1is the sectional moment of
inertia about the dicmeter, and / is the langth of the strut.
For the sssumad cross-section characteristics, / can be written &

! = (a/8kd’. (2.16)
Substituting Eq. (2. 13) into Eq. (2.14) and soiving for ¢, we haw
t = (8/9° WP} /d°E. {2.16)

Suustituting, in turn, Eq. (2.18 ) into Eq. (2.5), we obain the weight per unit lengtl.
in the caze of buckling

land
Wy = (8/2%1P1%1/d°E, .10

One can e that assuming that P, = const, | = const, and d = const, the unit weight
of the strut is proportions! 10 the (Y/E) ratio. Thus, as in the prevous cases, it may be stated
that its “lightness” is governed by the {£/7) ratio. Again, as bifore, the dimension of this ratio
is length which again, can be expressed in fest,; thus, the weigat-rfactiveness in strut buckling
can be detiied a8

Ny = ENDY, (2.18)

where the modulus of elasticity £ is given in psi, and the specific vaight of the material (1)
is in Ifind,

.68.
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.: T.nion. The Indices of the material weight effectiveness for structures 'oaded in torsion
‘ will be established by considering the following: (a) structural strength, and {b) elastic detorma-
:‘ tion. To keep the problem as simple as possible in hoth cases, a cylindrical structure having 3
*‘; circular cross-section and relatively thin walls in comparison with the structure diameter {t <J)
W will be examined (Fig. 2. 3).
-

1¢] .

»
M~
)
lI
Y, !
“ s Kin
KN Figure 2.3. Scheme of structures loaded in torsion

L]
* As in the previously considered cases, the weight of the structure per unit length will
"y be expressed by Eq. (2. 5 ). However, in the present case, the wall thicknass will be determined
" from the following expression for shear stress,
4

\ sn = M2nrde

and thus,
¥ t = MyJ2nrts,,, (2.19)
)
[} .
;,; where M, is the twisting moment of the structure, and 5, is the 2owable shear stress of the
L material.
:, Substituting Eq. (2.19) into Eq. (2.5}, the following expres<an for the structural weight
W per unit length is obtained
b wto. - 0"(/’”7/&]' ) {2.20)
5..
; $ It can be seen from this equation that for M, = const and 7 = congy tha unit weight of the
D structura will be proportional to the (Y/s.») ratio. Thus, similar to the pevious cases, its “light-
'. ness’” can be judged by the following weight effectiveness index in tasion when the strength
of the structurs is 8 governing factar:

b Teoy = /12 (2.21)

Here, again with s, in psi and 7 in Ib/in®, n,, would be in inches; hunce, in order to express
this quantity in feet, a factor of 12 is introduced into the denominatorat Eq. (2.21).

- g o

s, When the magnitude of the elastic torsional deformation represnts » design criterion,
% the required wall thickness can be determined from the following expression, which gives
1 the twist sngle of the structure (see Fig. 2.3) per unit length (J):
': G = MG, (2.22)
S
% where G is the modulus of rigidity (on).
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Solving Eq. (2.22 ) for ¢, and substituting that value into Eq. (2.5 ), the following
;. expression for the structursl weight per unit length for the case of slastic detuimation is
i‘\ obtained:
Al
:Z Wu, = (My/rt8)V/G). (2.23)
'\
' In ansiogy to the previously considersd cases, the mater il weight effectiveness index
(teet) for torsional deformation can be defined as
3t
4 Ty = G/12V. (2.24)
'\
.: Paneis in Tension or Compression. Far such semi-monocoque and monocoque structures
:, as, for instance, fuselages, the component weight is usually related to the wetted area. Conse-
- quently it becomes important to know how material characteristics aftect weight per unit of
" arey (say, one 1q.ft} of the structure. One can imagine these unit areas as panels loaded in ten-
W sion, compression, or shear. However, it appesrs that in actual helicopter design practice,
,“: tensile and compressive loads, rather than shear, dictate the dimersions of the panel section
;;. and thus, their unit weight. For this reason, material weight-effectiveness indices will be
3 established for panels in tension and compression only.
Dencting the waight of the panel per sq.ft by w, and assuming that under operational
- conditions refiecting, smong other factors, the number of loading cycles during the anticipated
\‘ lite tlight of the component, the panel can sustain, say, a tensile load, T,, eapiiased in pounds
P, per running foot of the panel cross-section (see Fig. 2.4).  Under these assumptions, the
i materisl weight-effectiveness in tension of a panel of unit area index in tension can be readily
o deduced a3
"
Toe, ™ To/¥y. (2.25)
)
1
U
)
o,
W
‘.
)
’l
; Figure 2. 4 \.0ading scheme in tension of a panel of unit area
'
)
f: For the case of compression, Eq. (2.26) becomes
k)
L -
4 Ty = Te/ (2.26)
. where 7, is the allowable load per running foot in compression,
? Looking at Eqs. {2.25 ) and (2.26 ), one can see that they have a dimension of Jength in
® feet. Similar to Eqs. (2.3) end (2.4), thoss indices can be interpreted as the length of an
:' imaginary vertically suspended ritbon in tne case of tension, and an imagmary vertical column
M in the case of compression, which would produce (at the uppermost in the first, and lowest in
’ the second case) the allowable loads per running foot.
‘.‘ .70-
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23 An Alterngte Definition -t Weight-Effectiveness Indices \

it was shown in the precading section that the appropriate allowable strass 1o the
material specific weight ratio represents a meaningful weight-effectiveness index for simple
structural elements being stressed in tension, compression, bending, and shear. For cases in-
volving linear and tormonal righdity, the &/7 and G/Y ratios, respectively, represent the weignt.

. effectiveness indices.

it should be indicated at this point that although expressing the weight-effectiveness
indices of materials in feat rather than in inches may enable one 10 better visualize the lengshs
indicated in these indices, inches are usually quoted in U.S. literature. in the metric system, the
waeight-effectiveness indices for materials are given in more sasily imagined meters.

»

e,

a
C An alternate way of expressing the weight effectiveness of materials may be based on
the specific gravity of the material. In this respect, one should note that the specific weight
R g (7) appearing in the denominators of all indices can be written as
iy
4

Yo = Ywaba (2.27)

S

.
«

where 7,,, is the specific weight of distilled water at 4°C, and 6, is the specific gravity of the
considered structural material.
Since, obviously, Ve = CONSL, it may be considered that all of the weight-effectiveness
. indices developed in Section 2.2 for any material and mode of 1oading are proportionsl to the
. . quantity represented by the ratio of sllowable stress to the specific gravity of the material:
Np ™~ $,75,. (2.28)
For the elastic deformations of the linesr type,
n, ~ ES, (2.29)

snd for those in torsion,

g ~ G/S,,. (2.30)

One can ses, hence, that the ratio expressed by the right sides of Eqs. (2.28) through
(2.30) may be considered ss aiternate definitions of the weight effective indices; this time,
expressed in units of force per unit ot ares.

The above-described method of presenting weight-eftectiveness indices of structural
materials is also quite popular in technical literature,
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Eftects of Repe- 14 Loadings on Weight-E Hectiveness Indices
4.1 Genersl

24

In the we:ght etfectiveness indices developed in the nreceding sectinn  stress atlowabie

(5), 85 well 83 moduli of elasticity (£) and rigdity (G), slways appesred in the numerastor of

the formuiss, thus 1ndicating that “'9oodness”’ of 8 structural materisi trom the point of view

of lightness Of 8 SV UCILI® 15 PropOrLIoNs! 10 tNOS CNIvECIRT SIS, 11 18 LLVIOUS, hence, U.at

\ factors affecting the permissible levels of 5. £. snd G of a given structurai material should be
‘ investigated.

24.2 Fatigue EHects on £ and G Levels

With respect t0 the moduli of elasticity and rigidity, it sppears that as far as metals
e CONCHrNed within the whoie possibie oparational envelope and time of rotorcraft opers-
tion, there would be No causes that would noticeably slter their £ or G levels,

However, the ntustion 1t lomewnst diiferent with respect to composite structures,
especislly those canmisting of laminates with various orientations of fibers. Structures of ths
type, when subjected to repetitive loadings, may undergo progressively increasing delaming-
tion which, in turn, would sttect the £ level of the structur  This aspect is discussed in more
detail in Ref. 9, from which Figures 2.5 and 2.6 are reproduced and shown below.
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Figure 2.5 Modulus loss as a function of delamination size in [146/0/90], leminates
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Figure 2.6 Modulus loss a5 8 tunclion of delamination size in [+45,/-45,/0,/90, 1, laminstes
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Looking st these figures, one will s=e that even when the detamination is romplete
(a/b) = 1.0, the modulus of elasticity (£) of the structure would stdt amount to over 80% of
the origingl value (£,). Similar degradations can be expected with respect to nigidity (G) levels
under repeated loading.

Although thete changes in £ and G levels of composite structures do not appear to be
excessively high under repsated losdings, they may have signiticant eftects un viuretion and
other charscteristics of a rotorcrate, Thus, in principle, they should not be excluded from a
study of the weight-ettectiveness indices under fatigue conditions encountered by rotorcraft
components during the operstional tife of the sircraft.

24.3 Fatigue Effects on Atlowable Stresses

In contrast to practically no changes in £ and G for metals, and relatively smali onas for
compaosite structures under repeated loadiny, the breaking and hencs, aliowable stress on metais
as well as composites (be it tension, compression, bending, or shear), wouid vary considerably
with the totai number of loading cycles (V), as well as in light of other factors as indicated
belows.

Thae relstionship between the breaking stress of a material angd tte number of repeated
foading cyc'es experienced up 10 that point is presented under the fermof the so-called S—N
curve. Where the number of loading cycies is marked on the abscwsa ais (logarithmic scale),
while breaking stresses (in ksi) are shown on the ordinate axis (linear scad.

The general form of the S—N curve for any type of loading 18 wetched in Figure 2.7,
It should be noted at this paint that the data presented in this way uswaily covers the range of
the number of cycles trom 10° 1o 10° or 107. Also, the stress ratio (=5 . /s ) under
which the S—N curve was established, and the ultimate strength of tre material in the con-
sidered type of loading are usually given,
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Figure 2.7 General form of the S—N curve
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Although the numbaer of loading cycies s the dominant factor in establishing the breaking
stress levels, there are other factors also involved. The most important are:

8. losding configuration

b. stress concentrations

¢. surface condition

d. environmental conditions

¢. material processing parameters

Partially becsuse of the above reasons and partially because of the additional uncer-
tainty regarding the number of cycles that may be encountered at a particular stress level
during the operational life of 8 component, rotarcraft designers tend to accept much lower
sliowable stress ievel values (s,)) than those actually given by the S—N curve.
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Figure 2.8 nNondimensionalized S—N curve for stesl with a mean of zero
percent of ultimate (Figure 6 from Reference 11)

It has already been mentioned that experimental data on the effects of repeated loading
on the bresking stress are seidom available for the total number of loading cycles, especiaily
st N < 10°. However, there are some components (e.g., landing gears and transmissions), where
maximal loadings occur only infrequently — for instance, during takeoffs and landings. Conse.
quently, the total number of loading cycles acquired during the operational life of the rotor-
craft may be below the N level for which experimental data is available. In view of this,
methods were developed for establishing the shapes of the S—N curves for the total range of
loading cycies (1 S N € N,), where N, is the number of cycles corresponding to the endur-
ance limit (s}, i.e., 8 point where a further increase in the number of loading cycles does not
produce any decrease in the breaking stress.

in this respect, 8 method onginally proposed in the sixties by Atbrecht"' and recently
refined may b2 used for determinauions of the S—N curve for the ailowable stresses thioughout
the whole range of repeatirg cyclu' !
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One spproach presented in Ret 11 nermits one to oenerate nondimensinngl S—N Furve
shapes tor steel and aluminum alloys using only available highcycla fatigue data. These general-
ized curves. expressing the rat:o of alternating tLreaking ofr somewhat tower aliowabie stresses
in ksi to ultimate tensile allowabie (F,,} 0 ksi are plotted as 3 function of the number of
cycles (Figure 2.8). This fiyure was established for steel expenencing a load ranging from

~Smax 105 mox- 0. 2L R = -1, but ny stesdy o (a mesn of zero percent). Within the 1 <.
< 10 interval, the (s ,//Fp,) = (V] relauionship is represanted by a straight line. However,
from N = 10°, a series Of curves ars shown whoe shape depends on the ratio of the endurance
limit {s,i to the uitimate tensile allowanle.

When representative loading cycles occur in the presence of a steady load, the shape
of the S—N curve would change, depending on the magnitude of the steady stress to the uiti-
mate. Figure 2.9 is given here as an sxampie of those changes when the steady stress amounts
to 25% of the ultimate,
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Figure 2.9 nNondimensionglized S—N curve for stee! with a mean of 25 (. ercent
of ultimate

Obtaining 8 complete S—N curve in ksi vs. N tor steel or alummum alloys with the
help of the nondimensionalized plots o! Reference 11 can be done as follows.

Knowing the ultimate and endurance limit stresses for a given raterial, the type of
loading, and anticipated surfacs conditions (smooth, notched), the allowsble stress in ksi at
sny N value can be computed by simply multiplying s, in the notation of Ref. 11, 0rs ,,
in our notations, by the proper ordinate value from the nondimensionalizedcurve.

Once the s, = fINI is known, the weight effectiveness indices for various metallic
materisls and/o: loading modes, etc., can be computed by using the relatanships developed in
Sections 2.2 and 2.3,

As an example, the (s ,/5) = fIN] curves were determined for €130 steei (140.0 kst
UTS, 5, ~ 38.5 ksi. i.e., ULT = 27.6%), and aluminum alioy 24S-T (658 ksi ULT, 5, ~ 14.0
ksi, i.0., ULT = 21.5%), assuming that R = -1 an2 that the mean !0ad is equal to zero (Figure
2.10). This was done using Figures 6 and 14 of Reterance 11, and remenbering that specific
gravity is 6 = 7.8 for steel, and about 2.7 for aluminum alloy.
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"!, Figure 2.10 Exampte of weight effectiveness indices for aluminum alloy and steel ''nder
Ay fatigue conditions

: The sbove-outlined approach for predicting the total S—N curves, bated on Ref. 11,
Ly can be extended to nonmetatiic materials such as composites, while the basic information
> regarding the fatigue prooerties of structural materials (usuaily at N > 10*) can be found in
:,I, such publications as MiL Handbook-5D' 3 with respect to metals. There 15 no similar hand.
.‘!0 book-type, singie-source information for composites. Consaquently, the necessary data must
be assembied from such publicétions ss company brochures (e.g., Dupont any Hercules) and

tr professicnal journals.
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ad VL@ M LITE-OPeIt VY NG vyt Of 8 Lumpuieing

The sturen  f ngantactuied uscelty e t-es b0 ey of e tor g oy telicupter
compunents. Une 18 ¢ Onoiuy C8l. jiv@n N Calendar vears of 3orviCe, 41 anuther o the opera-
tangl %0 Leted ON Ot iy 03 He IRrouJh W th The Rel:cONter can t2tely operace Thare are
600 0t i1 60 TS Letwuen Gretneus (TBULL

The o so-Cal e caiancar hite retlects the fact the® such Structures as 4.:Crett  ceneal
{-NChati™g NenLCORTErY). When exvPUIeUd tO the VPeraliondl ENvifONMENT MaY UNJEEP Leter ol
Lor with lime, 10 some eatent. iNdependent ©f actual tiving time. Aithough there may be
1SMe re.stonrship detween the we.ght of a component and its caender !te (tor instance,
Negvror cauges Of extarngt Metdi sirtaces, OF ,pOCisl PAIOTS, My CONUILUTE 1L & 10e90 Ciendel
1:%e) e latter st.!l probably represents seconc-order effects on component we:ghts. in con-
trast, the irfluence Ot the vperslonal life and Moue Of Speration (vperationat prot.iel are of
POIME wmpVTance, as they intiuence the total number of 1080iNg CYCles Ny Magnitude of loads
>perieced by 8 component guring thet penod and thus, determing the sllowable design-stress
level. Tre iengtns of TBOs probably also represent second-order effects on component weights
LNCe Suning those operslions, the Main structural load Carrying elements (uniess visibly dam.
agec! are N0t ususily replaced. )

Consequentiy, 1t appears that only the reiationship between the operationsi e of the
Component ar 1 its waigh® should be investigated,

it ras . ready been ment:oned that during tae operational hite ot g rotorcrate, its com-
pomenty experignce two types of repeating iosd.ngs. One, depending on the antc:pated number
ot operational e-ents (e.g., takeotfs and landings and high-load thight rsneuvers) expocted
W oovur curing the operational ife of 8 rotorcratt, and the other, having 1ts source chietly in
the rctaton of the fitting rotors. The Yirst type is considered to be intrequent « comparison
with the second. However, abislute numbers of such events encountered cuning the iite of tne
rotorcratt may be Quite bigh, For instance, duning one logying operation, some heicopters
sncountered as many 88 720 000 trip cycies. Aithough in each of these events. there were no
Basuts and landings, the power excursions frequently varied trom zero to rated power' !

Tr  whole ared of estimating the total number of 10ading cycles scyuved during the
operst:onsl life of g rotorcraft Uy 1ts various components in conjungction with the operstional
Protie. LECOMEs Mure end More MPOTLANE, a3 wiltnessed Ly the constantiy Licreasng number
of stuces « nd publications (e g, Refs. 11, 13, and 14) dealing with this subject.

With respect 1o 10adings whote ONHgin may be traced 1o the rotationat mation of the
Litting rotors, the total number of 108UING CYCies SCQUITEY thIouygh ‘normal™ vperstion duning
the tight iite Of a helicopter can Le expressad s toilaws”

ing, 1, = 60lrpm) & Iyicpn, 12.31

where rivm it tne rotor revolul:ons per menute, T, .8 the total prujected heicouter lite span
enprened (1 Thight hours. st cpe 19 the number ot 10ading cycies per revulution,

For contemporary helicopters, usually having a specified Lite span ot ot legst SNO0
NOurs even the number uf 1. rev cycles wiil be quite large. Une can see from Fopute 2 11, where
Uleytar TOr V.eaw 8t 50GQ houry are shown for the helicopters eagmined in et 5 that even tor
the user 00,000 1L gruss we ght class, the total numuer of 1irey Cycies would smourt tu abuut
an
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Figure 2.11 Total number 0f 1 rey Cycies axperienced by hescopters of various gross-weight

R A classes during S000 hours of naamgl operation
| L3
4 It may be anticipated, hence, that 1 rotorcratt companents whose dimensions are dic-
Ly Wsted Dy repested loads appesting st the 1.rev sl hughet con vaiues, the endurance himits of
™ structural materials would represent ¢ uecrave 1actor as 18t aa the weghts of the components
are concerned,
: / 2.5 Cursory Estimates of the Intiuence of Wegnht-Ettectiveress (nuices on
" Component Weighis
"
: 25.9  General
1".
n One of the simplest ways tor ¢ et uUdgement reganiing the intluence of advanced
HIruCtural inaterials On the weiyht of g cuonunent would De te establishing 8 r8:10 bLetween the
\:. weight of 8 COmMponent structured of naw materials 1o the bmeline weight of an exitting com.
:,: pcnent,
;:, One may al30 use the wennt estnated Ly teliabie waight prediction methous for
:.: components made of ““traditional’” materats LW which the carrectness of the weiyght estimgate
N method 15 well documentey as & baseting retere g (Tor easnpie, see Ret. 1 tor evaluation ot
| ]
o ' various methods).

: Once the sbiotute, or r+lative we:dht 0 the Daseline component i3 known either by
¢ actusl weight of through reliabie cakiulations, the procedure ‘br evaluating the impact of new
3 materials on that weight will be the 1ame
:::
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In the moet Jeiteral Case the haseling snd rew romporents miy he congidered s heing
composed of 1o (ved and icad Carrying elements. The etfect of materal characteristics on the
worght 0f 20 o Cartying slemerts will De evamined tirst. '

$5.2 NoLload Elements

Assumiiyy that the Lassiine comMponent wegnt s ul,,n, the waight of the ny-iced cairy:
ing siaments m,.fa! can LE PAPIvISEL &S

3 Bt B
Waig = Haighe, (2.3

whae ;1,8 & 1action depicting the part of the total baseline component weignt consisting
ot no-loac; cattving elements. Depending on whnether 'V'"o represents the weight of 3 volume of
material (e .. tiliss) OF 8 surtace (0.9, various no ioad carrying paneis and tuseiage surtaces),
the weight of the nuload catrying elements can be expressed as

"'»lo - nI°7n° - ‘nlo7'.sn° (2.33)

where Vhy 13 the volume of no-load carrying elements. The remaining symbols are defined 1n
Al

Section 2 2.

Or,

Wary ™= Snig*ag 2.34)
whe:e the new symbol S, is the no-load carrying surface in the considered element.
Assuming that sither volume (V) or surisce (3) of the companent made of new ma-

terisis 15 the sane as that of the baseline component, the weights of no-load carrying com-
} w1t the case ot volume becomes

ponents i 4
Watem = Vai, YweSNnm (2.35)

and that of the wrface,
Wetnm Saiy *nnm (2.36)

Muttiplying Eqe 12 35) andd (2.36) by (6,,016,.9) and (w',.o/w,,’l respactively, and noting that

V.uo’l.. Sng = Watg = Harg Wa_ 800 Spq wao = Wary = Haii¥ay. thewe equations can be re-
written s

Wotnm Hat, ”'no(‘sn"m /600' 123%)
and

Watnw = HatgWayi%anm/®ag) (2.38)

2%3 Loead Carrying Elements

In the myst genersl Case, 8 Ma)Or 101OCratt COMPONent May CONTAN vaANICUS eldments
whose d.mens, o and hence, theit we'ght. are teiqted to the 1oading mode in wiich they ate
working, namety tenunn, cumpression, benaing. shedf ¢ BUC buckling, or Linear dstiect.on
and tois:onal tstrechion, Tne traction of the 1otal cOMPL.INt weiyht, which 13 taken Ly il

P N VL W W T » W™ g W W PRSP Tt et AT AN Ty
AOASOACANAARGA Q‘l’l.“n.' o e b l. N .'u Wl N - o “ -

Kb M Ml X N » (P o > u KW

T

AT
R ®

T

e

X

T



Ag*
8
)
N
0
)
)
by
N
w3
N} of the abuve litted taaring more will he exrrescer! *hroysh e $nitawing symhnlg: teancion 11
AN compression~ . ; bending - u,,; shear - B buckling and iinesr dmectuon-uf, and torsional
,::. cetormation - ;.
’\'.t Consequently, the sbsolute weight of all the baseline component elements working
BN
X under a particuisr 10a0inG MoJe, sav 1O examplie N tenson would be
‘a't I , g - "
5;;:. “‘0 - "'3“"0‘ (2.39)
K\ 4 .
v'.' Similar equations can be written for othar groups of elemerts,
:r', When new structural materials are substituted tor thosa vsed in the baseline component,
"t‘; the inficence of this substitution on the we:ght can easily be Getermined, using an sporoach
H similar to that outitned 1n the case of No-10ad elements. However, this time, ratios of weight
. eftectiveness inaices for the Daseline and new materials would repiace those of specitic gravity
v‘.: [EQ.{2.37)], or weights per unit of area (Eq. {2.38)). Thus when madse of new materials,
a. the total weight of all the cornponents woarking in tension will be.
,g. W.»,,m - Mg,“'no(fzgo/m,,,,,). {2.40)
147 . . . . .
Lk 2.5.4 \Weight of 8 Component with New Materials in Relation to that of the Baseline
. Taking into sccount both no-load carrying and losdcarrying elements, the weight of
o 8 major rotorcraft component built from new materials (w,," m) Can be expressed through
::u the bassline component weight (w,,ob as follows:
it
“ Wonm = “"'0 U‘nlown,,m/an.) + “"’o(w"'nm"w”o’ + ey e Mepm) +
;:"ﬁ HooleyMepn) + Bog(Mby/Monm! + Hangllangileny,) + HEg\NE ME,, ) +
(7
i “Go("G.mGnm”' (2.41)
o
195 Obwviously, the ratio (W, am! W,,o) of the new component weight to that of the baseline will be
N given by the expression contained in the brackets of Eq, (241"
':‘. 2.55 Stepsin Estimating the (W,,”,,,/W,.o) Ratio
A
The steps to be taken in the practical procedurs of estimating the ratio of a major
bl ’
.l rotorcraft component weight to the weight of the baseling component can be visualized as
D follows,
3
1. Estimate the fraction of the total component wei it fepresenting the no-loeu
".- carrying elements, and indicate whether these elements consit of tilhing some
‘_-: spece, of form a surface.
: ] 2. Evaluate the weiyht tractions of e'ements workiny under various losding condi-
" tions, and Jdetermine the approximate number sn' character of '"ading cycles
¢ during the anticipated, or already establisheC conponent operationsl life.
T 3. On the basis of the known number and tyoe . " ivading cycles, estimate the
"y weight-eftectiveness indices for the baseline and new matenais from g graph
::.' similar to that shown in Figure 2.10.
4
:;l 4. Compute the new component wei;ht to that ©* the baseline from the expres.
',J' 510N contained within the square Lracketsin kg QL 41)
3
)
L
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26  Concluding Remarks

In order to ottmn ¢ better understanding of the relationship batween - rincipal char-
acteristics Of structural materials and weight of major rotorcraft components, the criters tor
the weighteffectiveness of materials were 1irst developed for simpie casas cf oasing {ters.on,
cCOMPIession, LeNGing, siWd shesr), a3 weil a8 DUCKIING 8rC NNEAN UthinC L.un (N Tusice ut Lhe
modulus of elasticity £) 2:xi torsionsl detlection (influence of the moaulus of nigidsty, G,

Following this, the intluence of repeated loading cvcles on vaiues of the weht.
effactiveness indices wat exemined. Then. the relationships between intenced operationsi Life
of a component and vpetational profile of the rotorcraft on ans hand, and the number ot
cycies that the component may experience on the other, was indicated.

Mathematical expressions tor 8 cursory estimaticn of the we.ght tatio ot 3 component
made of new materials to thet of the baseline component were aeveloped 1n the pireceding
section, This was suppiemented by an outline of the steps that should be taken when com.
puting that weight ratio.

It should be noted et this point that the cursory expression given by Eq. (2.41) cen be
refined, This can be done Ly taking into account that the weight tractions (u's) of elements
working in 8 given logding mode in the new component may be different from those in the
baseline. A study ot the possible gains in accuraCy resulting from this approach wouid be
beneticial.

In order to facilitate the whole process of investigating the intiuence of new struc-
tural materials on the weight of mgjor rotorcratt components, it would be desirable to develop
8 hibrary consisting ot weight-effectiveness indices for rotorcraft structural materials {simiiar
to those shown in Figure 2.10), where values ot the indices would be shown for the whois
range of loading cycles trom N = 10° to that corresponding 10 the endurance limit, Further-
more, this should be done for various stress ratio (R) values, surtace conditions, and several
steady 1080 vaiues (say, 12.6, 25, and 50% of the uitimate).

1t should alto be noted that in some cases, not all weight yains due to advainced ma.
teriais as indicated Ly the proCedures described in this chapter can be realized n practice.
This is due 10 the exutence of various constraints which may limit actual weight benefits to
8 lower level than indicated by Eq. (2.41). Requirements for maintaining 8 high axial moment
of inertia for rotors, and coning sngle for articulated blates may Le cited a3 an exampile of

such constraints.

More information regarding such constraints can be found in the Appendix to this

chapter.
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APPENDIX TO CHAPTER 2

FISSIBLE WAINS IN HELICOPTER BLAUL WEIGHTS
THROUGH APPLICATION OF HIGH-STRENGTH MATERIALS

Al Genersl

There is an establisned belie! in some technical circles that weight-reduc > nn attempts
would be somewhat futile when directed toward nelicooter rotor biades. This is supnosedly due
to the fact *hat requirements for a high mamaent of inertia about the rotor axis, faciitating
transition 1Nt0 autorotation, snd restrictions on the maximum permissible coning angle would
constitute strong constraints inevitably leading to ‘“heavy” blades. The foilowing simplitied
calculations indicate that through the instaliation of concentrated tip weights as the structural

P weight of the blsde iself is reduced, significant reductions of the overall blade weight are
d possible, while retsining moment of inertia and coning angle of the baseline helicopter. Re-
¢ N duction of blade weights and thus, their centrifugal force would, in turn, contribute to a
‘fq possible decrease in the weight of the hub and hinges.

:; | A.2 Moment of (nertia about the Rotor Ax:s
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| :Q Figure A.1 Schamatic of rotor blace

R '

§

e, J The total mass of the Llade (m,,,) consists of the mass of the blade proper ()
hD end mass at the up waight (m,).

/
i Mgy ™ My, + m,. (A1)
I4

‘ ’ The blade moment of inertia sbout the rotor axis (/, ) van be expressed as

k)
"

,::: Jox = f riam + Rim,. (A.2)
» V.

=3 °

ﬂ',: Assuming that the blade mass per running foot, 177 =My R = const; and thus, Jm 2 myr,
¥

:." €Qq. (A.2) can be rewritten as follcws:

'.y‘:'

n:,:
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Jox = WIBIMR> + m R, (A.20)

but mR =m,, hence

R3my, + m,). (A.2c)

Jox

Astuming that the baseline biade has no tip weight (m,o = 0}, its moment
ot inertia wouid be

Joxg = (1/3mg R (A.3)

(f the mass of the proper lighter blade is my, = mys,a, where 0 S a < 1.0, then the
condition of the constancy of Jox €aN be expressed as follows:

(1/3imy; R? = R3|(1/3)my 0 + m,]
from which
me = (1/3imp (1 - al (A4)
and tha total mass of the lighter biade will be
Mgy = Mprga + (13Imp, (1 - . (A.56)
The ratio of thetotal mass of the lighter blade to that of the bassdine biade will be:
(Mege/mpry) = a + ((1/3)() ~a)} = 25k + (1/3). (A.6)

Eq. (A.6) is plotted in Figure A.2, and one can ses from tis figure that signiticant over-
all blade-weight savings can be achisved if the weight of the blatecan be reduced below that of
the baseline weight, and the cordition of retaining \he same monent of inertia about the rotor
axis is obtained through installstion ot tip weights.

(-] [ o Fag
> S b= -3
- A mendhmad

TOTAL 814 2 » ASS RATIO. my, Jmy
-
»

0 02 04 08 08 &
STRUCTURAL MASS RATIO: o

Figure A.2 Ratio of total biada mass to structural muss for /4x = const
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A3  Blade Centritigal Frres Voristion at f,x ZO00S

As the totsl biade mass and its distribution would vary when a changes in value, but
j" remains constant, the blade centrifugal force can also vary. Rato ot the biage CF with
tip weiyhts 10 the CF aof the baseline biave can be determined from the following-

The centrifugal force of the basaline blade (/- ), with no tip weights, would be
R
CFy = I wirmgar
0

~
or, assuming m,, = const,

CFp = (V2Amy R’ (A.7)

Thae centritugal force of a blade with tip weights will, in general, be
R

CF = I wiraniydr + WIR m,.
/]

Again, sssuming arm, * const, the above equation becomes
CF = (1/2)am,,°Ru3 + mR Wt (A.8)
Dividing Eq. (A.8) by Eq. {A.7), the sought ratio is cbtained:

CFICFy = a+ 2myjmy,. (A.3)

But, In order to maintain /, = const as a varies, M, must be as given by Eq. (A.4). Substi-
tuting Eq. (A.4) into Eq. (A.9),

CFICFy = 2/3 + (1/a. (A.9a)

It can be seen fram Figure A.J that reductions in the blade centrifugal force ~ made
potentislly possibie when the weight of the proper blade is reduced by a factor of a, while
the necessery level of /. is retained through tip weights — are not as high as those of the total
blade mass (Figure (A.2). However, even the potentiat CF giins shown in Figure A.3 should
heve & noticeable influence on the loads transterred 1o the hub £nd hintes anG thus, on the
wolight of that assembly as well.
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Fiyure A.3 Centrifugal force ratio, as a varies and /,, = const

2
A.4 Coning Angle
Retention of the original {baseline} coning angle (0,) shoult be considered as another
strong constrain® influencing the outcome of the total blade-weight reduction level that be- o
comes potentially possiblie through the use of high-strength materiai ‘
[y
l k
. Ty }
-
| -
L.‘_— 0.7R m————— df : 4
[ (i
CF,
do ¢
Y L
Woy )
. ~'
.\
Figure A .4 Schematic of forces influsncing the coning angle value ;
Conditions for the equilibrium of moments about the flapping hinge, when the coning !;
angle is 9y, can be expressed as for the baseline blade with no tip weights {making small anqle
sssumption snd sssuming that the flapoing hinge is located on the rotor axis and that the 1
tesultant blade thrust 1s at 7= 0.7, whils the blade weight it at 7 = 0.5) ag follows: t !
[Vt
R 4
[y 0.7R = ] mortwla,dr + Wy, 0.5R. (A.10) 3
o
.
\
b
b
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Neglecting the I, ,0 SR oraduct ss heing small in comparison with the centrifuaal force
ﬂ term, and noting that the first term on the right side of Eq. (A.10) represents /,, timesy, , the
<} condition of the constancy of tne coning snyle can be expressed as

— e el o e

0o = QIKIy, /[y = const. (A1}

But the 0.7RTb, product is constant; hence, the requirement of maintaining ¢, = const
is reduced to the /,, = const condition. This obviously means that the blade weight aspects
previously discussed in conjunction with the /. = const restraint also remain vaiid in the
present case. Consagquently, it may Le sssumed that £q. (A.6), plotted in Figure A 2, should
correctly express the potential overall weight reduction of the heficopter biage assembly when
the weight of the blade core is reduced by the tactor a.

"y W

AS Effactof /,, anday Constraints on Blade Weight Reduction

The following simplified case is considered in order to give the reader some idea re-
garding the influence of /4x #7d uqy cunstraints on the possibilities of blade weight reduczion
resulting from the application ot advanced mate-ials.

It will be assumed that both the baseline blade and the t':de made of new materials
consist antirely of load-carrying €. sments ard, furthermore, that the dimensions of the elements
are dictated exclusively by the allowgble stress in bendirg. In this case, the expression in the
square brackets in Eq. (2.41), giving the unconstrained ratio of the weight of the blade con-
structed of new materiais to that of the baseline biade (Wb,”m/u’,,,o) yne €0 be reduced to
the folloning ratio of the weight-eftectiveness indices.

- -

Rk AN

Wotam/Worylyn = Moy Mopm: (A.12)

R AT

This equation is graphically provented as a cantinuous line in Figure A 5.

o
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SLADE WEIGHT RATIO: W, /Wyq

o
~

0 vy v— e e e S

Al
10 H 30 LX}
WEIGNT PP RCTIVENESS INDICES RATIO %, M,

Figure A.5 Ides! blade weight ratiu vs. weight etfectiveness indices ratio ot materials
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The waeight ratio sxpressed by Eq. A.12 may also be considersd as the factor a, repre-
WwAling the waeight 1eli0 Of e Lieds Ludy incurpurating new materialy 1o that of the Lase:
line blade

a = 9 o/nbnm' (A.13)

When the moment of inertia and coning angle are retained, the total biade weight rstio
will be ottained by substituting Eq. (A.13) into Eq. (A.6):

Wyl,""/wmo - 1/3 + (2/3)(1750/%"'"). (A.14)
The above expression is alio plotted {oroken line) in Figure A.5; thus, indicating the

role o* the /" and g, constraints in restricting blade-weight reductions — potentially possible
due to the improved specific weight-strength characteristics of new materials,
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CHAPTER 3

"y

',:' ADVANCED STRUCTURAL MATERIALS AND CONSTRAINTS TO THEIR
35, APPLICATION TQ ROTORCRAFT
e

l:«! 31 Introduction
o . In recent years, considerable progress has been made in the development of new struc-
‘5: tural materiais, both metaliic and nonmatailic, representing a high potential for reduzing the
n,: relative weights of major rotorcraft components. These materials can be divided into three
: - categories: (1) pure homogeneous metsilic (steels and light alloys), (2) nonmetallic composites
NS t (usually based on high-strength fibers imbedded in resins), and (3) metallic-nonmetallic com.
" posites (combining, say, meullic slements with high-strength fibers through a resin-type con-
. necting medium).
", Although many of the new advanced structural materials represent a clear-cut advan-
R tage from the point of view of the weight of the rotorcraft component, application of these

-" materials to practical designs encounter various constraints wich can be grouped into two
: classes: economic and operationsl. With rcspect to the first class, the cost of materials and
[

manufacturing often represent a strong constraint. These aspects were discussed in detail by
D’'Ambra®, Bezisc'®, and in Ref. 16. Their inputs will be briefly reviewed in this chapter.

As far as operstional constraints are concerned, the main reason for some of the hesita-
tion or reluctance in wider application of composites is the lack of long-term experience with
their behavior, especially crack propagation and delamination when exposed to various long-
term climatic conditions, and other aspects of the operational environment.

Nevertheless, in spite of all of the above-mentioned constraints, there seems to be a
growing trend towsrd an ever-increasing use of nonmetallic materials; especially compcsite
materials, in the manufacture of major rotorcraft components. This point is wall illustrated in
Figure 3.1 (Figure 34, Ref. 15) representing some of the design philosophies of Aerospatiale,
Figure 3.2 (Figure 3 o Ref. 8 ) is shown to give 3 more detziled example of this trend. In
this exploded view of the Dauphin N1, the elements made of compaosite materisls — consti-
tuting 19% of the vseight-empty of 2038 kg (4493.8 Ib) — can easily be determined.

’

.

RO

PP L L

R § % EMPTY WEIGHT (Suucture + Trenemiion)

' (51andard empty weight less  Powernient
Armiilerios

2 Fivirg & nevgevien

FUTURE DAUPHIN

> - .

saxioa-22 v agasn
. YEARS
M 1950 V960 1970 1900

Figure 3.1 Past and future growth in application of composites to helicopters {Aerospatiale’s)
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Figure 3.2 Exploded view of the Dauphin Nt
However, five years later in the produc,.on vercion, the composite share should increase t
to 22% of W, (see Table 3.1} and attsin a value of about 30% Ly 1880 (Figure 3.1). -
*w
Table 3.1 t-
Percentage of various matarials in the present and future Dauphin structure '
, EMPTY— WEIGHT PERCENTAGE | 4
Material - .
SA 365N1 Today { Future Dauphin :
)
Light Alloys 345 32 B\
Stesl 31.0 30 .
Titanium 1.0 1 b=,
Compasites 19.0 22 )
Miscellaneous 145 16 :{
Weight Empty 2038 kg 1950kg
(4494 I1b) (430010}
5
in the U.S., there is also a ‘trong increase in the use of composi® structura! materials in - R o
rotorcraft; especially in such new concepts as the tilt-rotor V.22 (Figue 3.3), where they may ;:
constitute as mucn as 31.56% of weight empty (Ret, 17). As stated in this reference, ‘:
“Nearly all wing and fuselage structural elements are fabricatedifrom graphite- -
epoxy composite laminates. This provides strengih, stiifness, weght, and corro- )
sion resistance. p ]
B
"
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OTHER 10%
FIBERGLASS 11% g

METAL 20% |
GRAPHITE
EPOXY 32 *
£ OTHER
CI FIBERGLASS 12,500 POUNDS OF STRUCTURE
2 METAL
£ GRAFHITE EPOXY |

STRUCTURE WEIGHT

Figure 3.3 V-22 Material Applications

“Components, such as stiffeners, caps, and stringers, are structurally integrated
by cocuring or cobonding them with the skin panels. This reduces the number of
maechanical fasteners required in the structure,

*Composite structures weigh nearly 26 percent less than metal equivalents. Because
spproximately B0 percent of the Osprey will be tabricated of composites, con-
siderable weight savings have been realized.

As far a2 helicopters are concerned, the composites used in the Boeing Vertol Model 360
constitute 6Q0% of its weight empty, which probably represents the highest refative use of such
materisis. Here, conbinations of glass and graphite are utilized in the blades, hubs, controls,
rotor shefts, airframs, and landing-gear components (See Figure 3.4, Fig. 27 of Ref. 18).

4-8LADED COMPOSIT™ AOTOR
COMPOSITE ORY WITH ADVANCED AtRFOILS
ROTOR HUBS AND BLADE TIPS

COMPOSITE
. AROTOR
CONTROLS
ADVANC
LOW.0ORAQ cocxPy .'m
COMPOSITE DISPLAYS
, FUSELAGE AnD AVIONICS
' COMPOSITE
ROTOR SHAFTS

Figure 3.4 Model 360 Advanced Technology Helicopter

With respact to current U.S. production helficopters, the Sixcrshy S 76 may '+ 1o
an example (Figure 3.5). This figures givas 3 genesal 1dea 83 10 the use Of Co™ua ey~ -
and als0 the usage of various structural mater:als for the AC, °
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4‘\4
'_-' B KEVLAR - 48/ £90XY
GLASS PISER/ EPOXY
!,e‘ USE OF COMPOBITE MATEAIALS 0% Tt 578
'
't‘ ' DESIGN CATEGORIES ACAP WEIGHT EMPTY
Wy
o
Ky - b %
s - Composite Airframe 1433 24
IComposite Other New Design 1021 17
Fixed Design 389 89
4% ' =
Fixed Design (S-78, GFE, oxs) — ——
9%
Weight Empty 5993 100

e
i
';l MATERIALS USAGE — ACAP AIRFRAME  Glom & Plestic Winduws
D0
Py Meterie Weips (1) B wE
o . Composiw 7841
] Aluminum 1650
‘;‘ ) Stont %9
i ' Fibergless 28
,:p Glass & Poxigiess 758 '
:i: A Miscollgneous 3003
2,: TOTAL 14328
A
vy Figure 3.6 Use of composites in the S-76 and the *CAP
[\
f'.: : The trend towsrd s broader use of composites in helicopter structures is slso depicted

l:! in the Soviet school of design. However, tivere is insufficient deta available to this investigator
A to pinpoint definitive numbers to illustrate this trend. It would be desirable, hence, to make 3

y' seperate study on this subject.

China is one of the countries having a patential for a lerge-scale rotary-wing industry that

n: is also spparently getting invoived in the application of composites. Here, as in other countries

‘ before them, the first application of composi: s are directed toward main-sotor blades'®
R It is obvious that an indepth analysis into the many facets of advanced structural

',; materisls and their spplication to rotorcraft would exceed the order of magnitude of the in-
" "~ tended scope of this study. Consequently, only certsin aspects of the whole field of the applica:

i tion of advanced structural materisls to major rotorcratt components are briefly reviewed in

l:; this chaptesr, with the prime objective being to indicate possible trends and directions for a 1
! more thorough investigation,
AN :
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3.2 Advenced Structursl Materisls
3.2.1 Genersl

Although one ususlly sssocistes the term “advanced structural materials” with com-
posites either besed on, or incorporating, high-strength fibers. It should not be overiooked that
considersbie progress hes been, and is being, made in the improvement of homogeneous metals
— cspecislly, light slioys. In this respect, the sluminum-lithium alioys appesar quite promising
and, in particuler, the tixed-wing ndustry both 1n the U.S. and Europs, seems 10 tavor thewr
spplication on a lerge scele. This position is motivated by the fact that replacing current alumi-
num alloys with new aluminum-lithium alloys can cut weight by 8% at s very small change in
the oversll cost®® (also see Ref. 21). Compotites are even more promising, offering the possi-
bility of 8 25% weight saving over metal construction for primary structures. But the previously
mentioned constraint of cost, and uncertainties regarding operational aspects dictate a rather
cautious approach regerding the use of composites to fixed-wing designers — especiaily those of
commercisl transports — in spite of the fact that the structural-weight reducing potential in
fined-wing sircraft has been demonstrated in many.experimental sircraft, including the recent
example of Rutan’s Voyager (made simost exclusively of high-strength composites), where the
relative weight-empty came down t0 approximately 16% of the maximum flying gross weight.

In contrast to the fixed-wing industry (especially that related to transport sircraft),
rotary-wing designers sppear willing to bypass the structural weight savings offered by
sdvanced sluminum alioys and go directly to a broad epglication of advanced composite
materials. An additionsl incentive for taking this approach is the possibility of cresting com-
ponents with optimal dynamic snd, where applicable, aerodynamic characteristics. All-composite
experimental mainsotor blades is & lesding example for posible serodynamic/dynamic optimi-
zation. It should be pointed out that experimental composite blades wers developed as early as
1962, snd improved versions have been used in U.S. production helicopters since the late 1970s.

3.2.2 Waeight-Etfectiveness indices of Metais and Compasites

Basic information required to determine weight-effectiveness indices for il kinds of
structural materisls is, unfortunately, dispersed through many uncoordinated publications. (The
previously-referenced ANC-5 represents 8 good unified source of information regarding metals.)
For this resson, summaries appearing from time to time in techsical literature, covering 8 broad
spectrum of structural materials, should prove to be of special selue. *‘Materials Selector 1987
{Ref. 22) may be cited as one such useful publication. For example, Section A entitled, "Com-
parison of Materiais” contains 3 summary of the following information of interest to students
on the impact of advanced materisls on the weights of rotorcraft components,

1. Density

2. Tensile vield strangth

3. Ultimate tensile strength

4. Modules of elasticity in tension.

in addition to the above, this publication also containg weight-etfectiveness indices
expressed as strength, or modulus of elasticity-to-density ratios. Table 3.2 contains sn excerpt
from the original chart depic' 'ng absolute and specific strasgth of materiais. Unfortunately,
there is no data on fatigue strength in the summary tables, and little information in general
about sdvanced composites being of special interast to rotorcraft designers.
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TABLE 3.2
SPECIFIC STRENGTH OF MATERIALS, 10° IN.

P

The strength-weight ratio given in this tanie was determinea by dividing the tensiie yield suength or uitimate
tensile sirength by the density, Veziues for materials marked with an asterisk ( ) were determined using
ultimate yield strength, Tensile yield strength values were used for all others®?

MATERIAL | wign Low
oy Graphite oPOXY® . oo e vvvverersntosttancaansoaasss| 3509 -
& BOFON @POXY . . . o vevvnrenveanennnanneeennnnnnn 2740 -
‘.:' Polyssters, thermoset, pultrusions®. . . ........... ceeeeas] 1428 345
ey Timnium&itsatloys . .. ............c0huunnn. . 1043 m
) Stainless stesls; standard martensitic graces; wtought, hestweated| 982 214
. Ultra-high strength steels; wrought, heat treated . N 931 616
o Aluminum stloys, 7000 series . . .. .. .. . Cerreceaeaas 892 144
w COBBIL & it aHOYS. - . o v v veveeii e e e eanaas 879 89
h Stainless steels; age hardenable: wrougm.m e ceees 826 380
N3 Nickel S itsalloys., ... .ooovvrvivrnnniacnonecnnnans 689 35
2 Magnesium alloys; Wrought . . . . o et evvvennnoansencons 667 268
XN Carbon steels; wrought, normalized, Quenched & tempered. . . . . 664 208
4 Aluminum slloys, 200056ries . ... .........co000.. 647 103
k Vinylidene chioride copolymer, oriented® . . .. ............ 635 248
Ty Aluminum alioys, 6000series .. ..........c.cc0vennann 602 63
’3}', Alloy steels, cast: quenches itempered. . . . ..........c... 601 398
N Ductile (nodular) irong, cast .. ... .coocovieneninaaannn. 584 160
2% Aluminum alioys, 6000 series . ...........coc0iennsaes 661 104
S Alminum casting alloys. . . ..o ovveneerennieennaass 530 88
“,_‘ Nickelbasesuperalioys. . .. ......cvevenninnecncannas 534 143
:.‘ Berylium&itsalOoys . . ... ...civevvrrnerroncnennnes 533 76
) Titanium carbido bese cormets. . . . ... ...ooneecocanoans 816 130
a Polycarbonats, 40 & 20% glraint® , . ............... s11 mn
) Nylon, 30%girinf® ... ...oiiviiiiiniiienenna] 810 404
m Stainless steels, standerd austenitic grades; wrought, cold worked 483 272
: Aluminum alioys, 4000series . . ................coc0cad 474 -

Polyester, thermoplastic, PET, 45&30%9!.“!000'. P | 459 286
Mognesium &itsalloys, Cost . .........c . civvvreracoad 465 186
TUNGItIN . ...t viiiir ettt e ee-d 455 310
ION DB SUPITAOYS . . . ...t vttt it a e aa 445 140
rouym«imm,aoxgmw........................-; 446 -
Coppercastingalloys. . . ........o00ntvvenrerenoasad 433 33
Molybdenum & its alloys . .......co0vivinnnnnsnnassdd 423 226
Stainless steels, standard martensitic grades; wrought, snnesied . .. 376 89
Copper nickel, wrought®. . .. ......o0cvvvvunnnn veeeeed 372 137
Styrene scrylonitrile, 30% glreinf. . . .. ......c. .00 enend 367 -
Alumimmallovs.&b@urm........................ 364 61
Bronzes, wrought . .........oo00v0ns e areead 366 54
Columbium &itsalloys . .......ccovvveneineinennn..d 361 122
Cohdtbonupmlloys............................,! 348 1z
High copper slloys, wrought . . . . JI N 30
Polystherimides, unreint. . .. ................. Ceeee e 5 330 -
Polyester, thermoplastic, PBT, 40 & 16 9Im reint® . oo 328 245
Plastic foams, rigid, interral skin, reint®. . ... ........ e d 323 113
Alloy steels, cast; normalized & tempered . .. . ., . e e 322 134 }
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To alleviste this situstion, it would be desirsble 0 generate summary tables of the most
important materisl characteristics of intersst to both rotorcraft designers and students of the
waight espects of rotorcratt companents. An example of this spprosch is given in Tabie 3.3,
where weight-effectiveness indices are given for some mataliic snd nonmetaiiic materials now
being used or contemplated for new rotorcraft designs. It should be emphasized that Table
3.3 is only given here as an exampie. Actusl working tabies snOuld COver & wiuer range of
potentisily useful structural meerials and loading modes, which should further be supple-
mented by another wole(s) contaning information regrding non-lgad Carrying materials,
Finally, in order to retain the usefulness of such tabies, they must be continuously updated.
The use of graphics is another way of pressnting materisl charecteristics 1n 8 menner
which may be useful to rotorcraft designers and companent weight watchers. The potential
adventage of the graphical approach lies in that, in principle, one can, at & glance, roughly
judge the competitive position of s given material. One drawback to this approach is that in
order to generate 8 Clear picture, only two cheracteristics can usuaily be coupled; for instance,
weight etfectivensss factors based on uitimste strength and those related to Euler’'s moduius

of elasticity (Figure 3.6).
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Figure 3.6 Weight-ettectiveness indices bssed on ultimam tensile strength vs. tensile
modulus of slasticity
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Figure 3.7 (based on Figure 6 of Ref. 15) shows an siternste method of pairing weight-
effectiveness indices; namely, those related to the tensile modulus of slasticity vs. modulus of
tigidity. This appears 10 0e & guod exampie of presenting the muuuius of elastiily (E) vs. the
mo-ulus of rigidity (G) relstionships for mulitilsyer composites sinca, at 8 glance, one would see
the effects of fibre orisntation on the material weight-effectiveness characteristics when com-
paring the two types.

1 YOUNG MODULUS/OENSITY FISER DIRECTIONS
wrangu?d)

L LS BN
10°

COULOMS MODULUS/DENSITY
. L » o/Q 10rang

Figure 3.7 Etfects of fibre orientation in composites of the E vs. G characteristics

Bar cherts offer still another possibility for a graphic presentation of weight-effactiveness
indices. Figure 3.8 is given as an example of this approach. Here, weight-effectiveness indices
for each material are shown for uitimate strength and corresponding endurance limits, both in
tension end compression. indices in shear could probably still be sdded; thus providing easily
depicted, rather complete information regerding weight reduction possibilities of the material.
One disadvantage of this approsch is that t0 avoid overcrowding, the number of materials that
can be presented in one graph is limited,

Presenting o clesr, sasily understandable picture of materisl weight-effectiveness indices
for fatigue conditions would prove to be s difficult task, even if only the most important
aspacts of the losding modes discussed in Section 2.4 were to be taken into account. Figure 3.9
(based on Hercules dats) shows the weight-effectiveness indices for tension-tension cyclic tests
st R = 0),1 conducted On ¢ iew COMpPwsite and sluminum materisls.
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The whole review of waight-affectiveness aspects of structural materials suitable for 4
rotorcraft seems 10 indicate that there is & need for establishing a wnified source of information A
regerding properties of advenced, especially nonmetallic, materiaisand developing a method of |
presenting the information in 8 conciss manner for rotorcraft dsigners snd to students of l
component weight trends. ;
-
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3.3  Operastions! and Cost Constraints
33.1 Gereral

The tigures presented in the preceding section clearly indicate the potential of new
structural materials — composites in particular — with respect 10 weight reduction of major
rotorcraft components. In addition to the possibility of weight reduction, compotites offer
many other advantages from the design, military, civilian and, eventually, the manufacturing
point of view. Thesa non-waight aspects of the uss of composites have recently been discussed
in many papers and publications, However, they will not be reviewed here, 83 the present study
desis almost exclusively with the influence of sdvanced material characteristics on the weight ot
rotorcraft components. Nevertheless, the resder’s attention wilt be celied to two constraints
which, sspecially in the past, have had 8 negative effect on the broed use of nonmetallic com-
posite materials in the pursuit of the gost of reducing the ctructural weight of the rotoreraft in
addition to other inherent adventages. As with any other new reveioping technology, the main
constraints appearing in this endesvar are (1) operational uncertainties, and (2) cost. Both
are very briefly discussed below,

3.3.2 Operationsl Uncertainties

The lack of statistically significant exparience regarding the behavior of composites
under real-lite operationsl conditions and suitable analysis methods generates & very strong
reluctance on the pert of potentisl users (both military and civilian) to accept rotoreraft having
8 large percentage of the losd-carrying structure made of compoasites. Unfortunately, this
creates the proverbisl ““the chicken and the egg”’ situation. Large-scale accelerated service tests
probably represent one of the possible mesns of bresking that vicious circle. This may be
felped by the fact that there are some mgjor rotorcralt components; namely, the bls-es and,
more recently, hubs, where real-life operational experience (generally favorable) has alrsady
risen to a significant level.

in some caset, the potential objections which the user may express are not to the com-
posites per ss, but to the particuler structutal solution. The unfavorable opinion of the Navy
with respect to honeycomb structures becsuse of potential damage >f moisture accumulation
can be cited s an example. There is also the uncertainty as 10 the influence of components
made of composites on the structural integrity of the rotorcraft when exposed for an extended
period of time to adverse climatic conditicns; a3 well as to hbricants and other chemicals
constantly present in the rotoreraft.

it is balisved, however, that with the continuous, though slow, acquisition of sctust
operational experiencs, and davelopment of more detailed specifications regarding the type of
scceptable structures and exposure to chemicals, the reluctance of potantisl customers to
accept rotorcraft using large amounts of composites for primery structures will decrease with
time. Thus, operational uncertainties should cesse to represent a strong constraint regerding the
use of composites as a means ¢¢ weight-saving for major rotorcr~' components.

333 Comt

There are three major elements of cost which should be examined when utilization of
new structural materisis is being considered: (1) cost rt the mawrial, (2) cost of tooling and
manufacturing facilities, and (3) cost of labor and energy (if significant) during the manufac-
turing process.
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et The cost of & new matarial when it appears on the market as 8 product ready for prac-
.,.«‘_'-}'_-'.-‘-'.',_{ tical application is ususily quite high; in many cases. severs! times more Jxpensive thin the
materiat it is sUPPOSEd t0 repiace. However, the orig-nally high material cost u<ually decreases
with time; thus making it more snd more economically acceptaole ¢f even more advantageous.
“e ; The grapnite ticer J11ce history (Hercuies data) shows m Figure 3,10 weil illustrates this
L e point.

’ r” ¢ 4 . v » [ (]

Figure 3.10 Graphite fiber price history

One can see from this figure that the price of graphite {expressed in actual dollers) has
Lo ] dropped very substantistly in spite of the inflation in the iste ssventies, when the price of many
- ) ather materisls actusily incressed, o

O T Other composite materiss have followed the trend llustrated for graphite fiber. It may
N be anticipated that, in general, the cost of new advanced swectursl materisls probably does not
LT 47 represent a strong constraint of limiting their application e rotorcraft components. However,
e a representative of the fixed-wing industry (Bosing) exprewnd: 3 more conservative point of

view (Ref. 20).

er- modulus, to make the expected gains over tried and wue sluminum in primary
‘ i structures. improved fiber, we estimate, must 5 mefiefor less than haif today’s
T SN price In order to schieve a costeffective, all-compmite primary structure.”

r\\‘ el “We will need the improved carbon fiber, with its igher strain snd improved
~

. 5, e The two cost constraints; namely, tooling and latior, serusually considered as an entity
. ’ R in & cost comparison ot components menufectured from sthencesti materials vs. the bassline
. 1.’.,'-“-.3.__ materiels produced in a “traditionsl” manner. The resder may flindhummaries of such compara-
NP e tive studies in Refs. 8 and 15. Table 3.4 (based on & table fram M 15, but °xpressed here in
e e e s dotlars and U.S. messuring units) is given as an example.
N At present, Aerospatisie is one compeny probably heving:tte widest overall experience
LT in desting with verious sspects of the application of compasitesto components of serially-
N e e produced helicopters. (US companies probably have more experiews with composite blades,
but not necesserily other components.) Consequently, U actuskists snd projections should
R correctly indicate the general trend regerding cost sspects.
L_ T3 Yo In this respect, the message of Refs. 8 and 15 sesms to beclear: in components such
\ : a8 blades, considerable cost reductions sppesr possible (Figure 3.11)although no weight-saving
is anticipated (Figure 3.12), apparently because of the blade momentof inertis requirement.
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COST AY 1000™ 8LADE
© DETAIL PARTS ) (
©® RAWMATERIALS 7
©® SPECIAL TOOLS & EQUIPMENT 128
© MOULDINGBAWORKING - AELATIVE CosT a %
@ INSPECTION 100 %
® FINISHING 2
©® ADJUSTMENT AND SALANCING / \ 84

- [TOTAL RELATIVE COSY ] 100}

Figure 3.11 Reduction in production cosis due 10 composite design

With respect to other components; for instance, rotor hubs, cowlings, tail booms, and
smpennage, both weight and cost savings are indicated (see Figure 3.12, reproduced from
Aef. & ). It is obvious that significant weight savings have been achieved through new design
solutions —~ made possible by special characteristics of the composites.

cut saving %ﬁ%m :

AS 350/ SA 341
STARFLEX 'T'u_”""t onlum a a7
.. AS 350/ 3A 318 ROTOR BLADES
COMPORITE { METAS. -® 2
A3 350/ $A 11¢ PUEL TANKE
MOTOMOULOED / METAL - -8 1y
~ SA 38 !
i m%m »n .
TS A $A 308 TAIL 800OM '
. . ROMEX-CIGHT ALLOY SANOWIC
. NETAL ® .
- 54,308 STABILIZEN
_‘. 3 I.uom STABS- -
A CARBON T ZEAS ON (Y
o METAL ° THROUGHSPAR
LI ) COMPARISON MONG
v THAOUGH TAIL 0 130 |
Figure 3.12 Waight and cost sdvantages }
"‘ ‘ B In contrast t0 the Aerospatisle a:wde, opinions expressed by representatives of _ !
v fixed-wing transports (Bosing) appesr much more conservative (Ref. 20). . 1
] i
; - “Advanced compatites show great promise for major primary structures. Designers : |
e anticipste weight savings of 26% over metal construction. ...However, here cost
' plays an important role. A 767 rudder made of carbon-fiber composite costs almost
o exgctly the same as one mads of sluminum but weighs less and is a good buy. The
. labor was less for composite but the material much more expensive. But in the case
T of 767 trailing-edgs fiaps, both material and lator for a composite version were ]
-~y . more expensive, .
-’ The sbove statement, as waell as future goals of Boeing regarding cost are depicted in Figure :
T 3.13. i
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RELATVE COMT PER S9PSET. &

787 RUDDER 757 TE AP
SAAD OF WEIGHT SAVED $72A.0 OF WEIGHT SAVED

RELATIVE COST PER POUND

70 9o | 99
YEAR 1984

Figure 3. Actval Boeing experience in appliéation of composites and projection
for the future

After weighing the opinions expressed by both rotorcraft and fixed-wing industries,
one is inclined to state that, in general, cost would not present 8 strong constraint regarding
the application of composite materials to rotos. ¢ components,
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CHAPTER 4
CONCLUDING REMARKS

4.1 Generat Conclusions

The inughts gained through performance of this study lead to the foliowing Conciusions:

®  |nvestigetion of *he historic trends in ralative weight emp*y (W.) of helicapters
coupled with studies of the etfect ot awcraft size (expressed through maximum tiying
gross weight) indicated a rapid decline n s—t‘, values through the fifties for atl gross-
weignt classes of \western and Soviet designs. This was foliowed by 8 much siower
decrease in W, o laveis from the sixties up to the present. Relative empty weights of
the existing tilt-rotor (XV-15) in the STOL and, especially, VTOL, operational
modes, are well above the corresponding helicopter levels. #, values projected for
future tilt-rotor designs (designated as the V.22 in the US., and EUROFAR in
Ewvrope) are still above those of their helicopter counterparts.

® Ths rapid decline in helicoptor W. values during the fifties and early sixties was, to
a large extent, due to the transition from reciprocating to gas-turbine type power-
plants, as this change reduced the relative engine weight levels from about 9.5% for
helicopters «f the esrly tifties 10 about 3.5% for contemporary modsls. This may
lead one to cunciude ihat further improvements in the soecific weights of power-
plants would exert little influence on I, values. However, for new rotorcraft con-
cepts — which would be expected to have a lower power loading than corresponding
helicopters — the influence of relative powerplant weights on W, levels could, again,
be quite.significant.

-
o
¥

-
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® Since the relative empty weights of rotorcraft are, in turn, the result of the relative
weights of their major components, yia,hs showing historic and size-related trends
in ¥, along with those of the relstive weights of components and their optimal
boundaries should provide s clear and comprehensive insight into the process of
achieving certain IT', levels. Such graphs would prove sspecially useful for concept-
formulators and designers of helicopters and sew rotorcraft concepts by providing
them with a basis for making realistic weighs assumptions for new designs and
provide standards for assessing the weight-effactiveness of the aircraft 3s a8 whole,
as well a8 individual components, once the :dstailed designs are completed or even
after the objects of the asssssment sre actually built, However, in order to retain
their ussfulness, such trend-graphs nwit be kegt continuously upaated.

® Although somewnhat siower than before the sarly sixties, the steady decline in F‘.
helicopter values must obviously be attributed to a jseneral lowering of the relative-
weight values of components (excluding those of engines). However, one may expect
that the rate of decline may not be the seme tor all components. For example,
temporal relative weight trends of litting rotoe blades for Western helicopters shov
only a slight decline in W’” with time. (At tir, Soviet WM values declined rapidly,
but gradually leveled off.) These, aimost conmant, relative weights of lifting blades
can be attributed to strong constraints resulling from the requirements of certain
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vslues for the blade moment of inertis. However, some reductions in Wy, (through
spplication of highly weight-effective structursl materisls) appesr theoretically
possible (ses Appendix to Chapter 2).

-~ -

> a.

.y

® The decline in relative weights of maejor helicopter components is chiefly due to
the spplication of new structural materisls, exhibiting higher and higher strength
as well as elongation and rigidity moduli to specific weight ratios (indicated here
83 material weight-effectiveness indices). Knowledge of the weight-effectiveness
indices for materials used in the bsse'ine compounent and those n 8 new design,
should engbie one to, at ieast roughly, estimate the relative weight ratios of the new
to the original components. However, in this process, weight-effectiveness indices
should be determined with due consideration of the loading conditions of vsrious
slements, taking into account such factors as number of loading cycles during the
anticipated onerational life of the component, losding modes (R values), and state
of the surface.

-
>

® Weight-effectiveness indices point toward wider and wider application of composites
a8 structural materials in rotorcraft. Initially, the high cost of composites, together
with limited operationsl experience in their use, appeared s strong constraints to
their implementation. But orice declines resuiting from constantly increasing sales
volume and lsbor-saving manufacturing techniques have improved the cost aspects.
Generally favorable feedbacks from operators regarding the behavior of composites
ir. the field has lowered the resistance of designers toward the use of these materials. |
Consequently, one may now observe a definite trend toward 8 wider accegtance of ‘
nonmetallic materials in helicopter structures. In new rotorcraft concepts, such as
tilt-rotor or the X-wings, the use of composites has become 8 ‘must’ in order to
schieve the W, levels necessary for compatition with conventional helicopters,
especially in VTOL-type operations.

4.2 Recommendstions

Becsuse of the limited scope of this study, severs! factors affecting past, present and,
possibly, future trends in the relstive weight-empty of rotorcraft and other VTOL configura-
tions had to be omitted, in spite of the fact that the importance of these factors has been indi-
cated by the work slready performed. To rectify this situstion, the following additional efforts
are recommaended:

® Perform & study of trends — both historic and size-relsted — of spacific weights and
specific fuel consumption of Western and Soviet powerplants that are spplicable to
rotorcrafs and other VTOL configurations. Then, evaluste the impact of these trends
on the relative weigh. smpty levels of rotary-wing snd other VTOL concepts, as well
as on fuel requirements per unit of aircraft gross weight, unit of distance traveled,
snd unit of time on station,

¢ Y

v . ® Expand and refine methematical expressions snd computationsl prccedures for pre-

X . dicting the influence of new structursl materials on the weight of major rotorcraft
components in comparison with the baseline weights. The 30-established methods

o . should then be tested by making comparisons of predicted and actual weights of

-~ components manutactured from advanced materials,
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® Assemble up-to-date data on advanced structural materials already on the market

and those axpected 10 become available in the future (say, up to 5 yeers). Then, ¢

upon establishing the most suitable snd comprehensive way of presenting weight- !

effectiveness indices of materials, prepare 8 practicsl mesns of making that informa- 3

tion sveilsbie to the:  rcraft technical community. :
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